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Natural circulation is known to be a relevant phenomenon for nuclear reactors since it 
involves several regimes of reactor operation. The natural circulation phenomena with 
supercritical fluids were not thoroughly studied in the past; indeed, very few experimental 
studies are reported in previous literature. 
In this work, included in the frame work of the Coordinated Research Project (CRP) of 
the International Atomic Energy Agency (IAEA) on “Heat Transfer Behaviour and Thermo-
hydraulics Codes Testing for SCWRs”, the experimental data obtained at the Bhabha Atomic 
Energy Centre (BARC) of Mumbai, India, related to natural circulation with CO2 and H2O at 
supercritical pressures, were used to test the predictions of different system and CFD codes: 
RELAP5/MOD3.3, Fluent, STAR-CCM+ as well as specifically developed in-house codes. 
The study addressed most of the experimental information, involving steady-state 
analyses for carbon dioxide and water, as well as transient analyses (only for CO2); the actual 
operating conditions of the experiments, as well as various others like “open loop” and 
“closed loop” configurations with imposed cooling flux, were considered in order to provide 
an overview of the capabilities of available computational tools in predicting natural 
circulation phenomena.  
Regarding the steady-state analyses, for the "open loop" condition as well as for the 
actual operating conditions, a reasonable agreement was found between the CFD codes 
predictions, the experimental data and the BARC predictions by the NOLSTA code. The key 
role of an accurate evaluation of the simulation parameters, in particular the secondary heat 
transfer coefficient, was pointed by running several sensitivity analyses. 
In the transient analyses, the agreement of the CFD predictions with the experimental 
data is considered unsatisfactory in relation to stability effects; in fact, among the several 
transient analyses performed to reproduce the experimental data, no one succeeded to predict 
instability. Unstable behaviour could be detected only by decreasing by a factor 10 the wall 
density; as a consequence, the role of heat structures on stability was also largely discussed 
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A area [m2] Λ friction dimensionless group [-] 
cp specific heat at constant pressure [J/(kgK)] µ dynamic viscosity [kg/(ms)] 
D diameter [m] ν kinematic viscosity [m2/s] 
Dh hydraulic diameter [m] ρ density [kg/m3] 
f friction factor [-]  
 
 
fg gravity distribution function [-] Subscripts 
fq heat flux distribution function [-] c critical 
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h specific enthalpy [J/kg] r reduced conditions 
H height [m] t turbulence 
k thermal conductivity [W/(mK)] w wall 
k turbulent kinetic energy [m2/s2]   
K singular pressure-drop coefficient [-] Superscripts 
L length [m2] * indicates dimensionless values 
Npch phase change number [-]   
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During the nuclear era, many several power plant concepts were proposed and built; these 
concepts were different mainly for the choice of moderator, coolant and layout. However, 
nowadays the Light Water Reactors (LWRs) have become the industrial standard in the 
sector, with a share close to 90% of all operating nuclear power plants (Tulkki, 2006). Though 
the LWRs are by far more widespread than the heavy water and gas cooled reactors, they also 
seem to have reached their physical limitations in terms of efficiency, cost reduction and 
passive safety. For these reasons, the next generation of nuclear energy systems, known as 
Generation IV, requires further improvements in terms of efficiency, cost, safety and 
reliability with respect to the current Generation III (GIF, 2002). 
Six reactor projects are included in Generation IV, being the Fast Reactors cooled by 
gas (GFR), by Lead (LFR) and by Sodium (SFR), the Molten Salt Reactor (MSR), the Very-
High-Temperature Reactor (VHTR) and the Supercritical Water Reactor (SCWR). Recently, 
in the frame of the European Union, priority was given to the concept of sodium fast reactor, 
on which design, construction and operation experience already exists, with alternative 
options being the lead cooled fast reactor and the gas fast reactor. Nevertheless, the 
supercritical water reactor has been the subject of a huge European and worldwide effort (see 
e.g., the HPLWR2 Project Web Site), in which several design problems were tackled and 
solutions were proposed; this concept is therefore still playing an important role in the 
Generation IV worldwide panorama because of its promising characteristics. 
The SCWR concept envisages that the cooling and moderation of the core (for the 
thermal neutron spectrum option) is accomplished by light water at pressures higher than the 
critical one (hence the adjective “supercritical”). The use of light water at supercritical 
pressures (25 MPa) avoids boiling (no phase change between liquid and gas), and therefore 
the temperature can be raised considerably (up to 550 °C) as there is no risk of a thermal 
crisis, in favour of higher efficiencies, evaluated to be up to 45% (Duffey et al., 2010). 
Though it is basically a single-phase fluid, the large enthalpy change possible in supercritical 
water reduces the coolant flow rate as well as the pumping power, while the adoption of a 
direct cycle simplifies the nuclear system, eliminating the need of recirculation lines, 
pressurizer, heat exchanger, steam separators and dryers (Schulenberg and Starflinger, 2010). 
In summary, the SCWR design takes advantage of the very desirable feature of the Boiling 
Water Reactors (BWRs) with respect to the Pressurized Water Reactors (PWRs), being the 
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direct cycle, without the associated disadvantage of dealing with a two-phase flow system in 
normal operation, with all the associated complications.  
Nevertheless, though there are large benefits from the employment of SCWRs, the 
design difficulties and technological challenges, mainly in terms of material resistance, 
together with the need to get reliable models for the physical phenomena occurring with 
supercritical fluids, require a significant effort in terms of research and development. Indeed, 
in supercritical water reactor operating conditions, the thermodynamic and transport 
properties of water change remarkably as the temperature approaches the “pseudocritical 
point”, corresponding to a sharp maximum observed in specific heat.  
As an example, the large changes in density, similar in magnitude to those 
encountered during boiling, make the SCWR core susceptible to flow instabilities similar to 
those observed in BWRs (such as density-wave instabilities and coupled neutronic thermo-
hydraulic instabilities). Since the operation with unstable flow is highly undesirable, as it can 
lead to power oscillations, causing mechanical vibration of components and challenging the 
control system, the deployment of SCWRs is conditioned to the design of stable systems.  
In this aim, it is necessary to clearly understand and predict the instability phenomena 
occurring with supercritical fluids and to identify the variables which affect these phenomena. 
Motivation for the present work 
Natural circulation is known to be a relevant phenomenon for nuclear reactors since it 
involves several regimes of reactor operation. Though the natural circulation phenomena at 
subcritical pressure, both in single and two-phase flows, have been thoroughly studied, the 
same cannot be said for natural circulation with supercritical fluids. Indeed, very few 
experimental studies on natural circulation with supercritical fluids are reported in previous 
literature (see e.g., Zuber, 1966, and Lomperski et al., 2004).  
The University of Pisa and the Bhabha Atomic Energy Centre (BARC) of Mumbai, 
India, are both involved in the Coordinated Research Project (CRP) of the International 
Atomic Energy Agency (IAEA) on “Heat Transfer Behaviour and Thermo-hydraulics Codes 
Testing for SCWRs”. This IAEA CRP promotes international collaboration among IAEA 
Member States (Usa, Russia, China, UK, Canada, India, Italy and other Countries) with the 
aim to collect accurate data on heat transfer, pressure drops, natural convection and stability 
regarding fluids at supercritical pressure as well as to develop reliable thermal-hydraulic 
codes for SCWRs. 
In the frame work of this co-operation, the experimental data obtained at the BARC, 
related to natural circulation with CO2 and H2O at supercritical pressures, were used in this 
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work to test the predictions of different system and CFD codes: RELAP5/MOD3.3 
(SCIENTECH Inc., 1999), Fluent (Fluent Inc., 2006), STAR-CCM+ (CD-Adapco, 2009) as 
well as specifically developed in-house codes. 
The study, performed in cooperation with BARC, addressed most of the experimental 
information made kindly available in its researches, involving steady-state analyses for carbon 
dioxide and water, as well as transient analyses (only for CO2); the actual operating conditions 
of the experiments, as well as various others like “open loop” and “closed loop” 
configurations with imposed cooling flux, were considered in order to provide an overview of 
the capabilities of available computational tools in predicting natural circulation phenomena.  
Thesis outline 
The work is subdivided into seven chapters which are organized in two parts.  
The first part is devoted to present a short literature review on natural circulation with 
supercritical fluids and to describe the reference experimental data obtained at BARC and the 
methodology of analysis adopted in the work. The second part, instead, describes the code 
results for steady-state conditions as well as the transient simulations run aiming to 
characterise the free evolution of the system. 
More specifically, Chapter 2 presents the investigations, mostly of numerical nature, 
carried out on natural circulation with supercritical fluids in past studies. Chapter 3 presents 
the reference experimental facility, the Supercritical Pressure Natural Circulation Loop 
(SPNCL) of BARC, and the steady-state and stability data obtained with carbon dioxide and 
water at supercritical pressures; tests characterizing the loop in terms of friction factor, 
localised pressure loss coefficients and heat losses are also described, as well as the operating 
procedure adopted in the experiments. Chapter 4 presents the computational tools used in the 
work: the RELAP5/MOD3.3 system code (SCIENTECH Inc., 1999), CFD codes as Fluent 
(Fluent Inc., 2006) and STAR-CCM+ (CD-Adapco, 2009), and finally, in-house dimensional 
and dimensionless codes. In Chapter 5, the steady-state results for the “open loop” condition 
with imposed cooling flux obtained by RELAP5 and the in-house codes are compared and 
discussed, as well as the CFD code predictions and the experimental data about the actual 
cooling conditions. Chapter 6 is devoted to present the results of transient analyses. Finally, 
Chapter 7 summarizes the main conclusions and provides recommendations for the future 
work.
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2. Review of investigations on natural circulation 
loops with supercritical fluids 
2.1 Introduction 
Flow stability is usually studied by solving the time-dependent mass, momentum and energy 
conservation equations representing the system. These equations are generally solved either in 
frequency-domain or time-domain to determine stability boundaries in appropriate parameter 
spaces. 
In the frequency-domain approach, the conservation equations along with the 
necessary constitutive laws are linearized about an operating point and Laplace transformed. 
Stability predictions are then made by applying such well-known stability analysis methods as 
Bode plots, Nyquist plots, root-locus techniques, etc.. Though very valuable, results of these 
frequency domain approaches are valid only for infinitesimal perturbations; besides, the linear 
stability analysis only predicts the threshold of instability but cannot predict the limit cycle 
oscillations. 
In the time-domain approach, the conservation equations are solved numerically 
using, for example, finite-difference techniques. Usually, this approach is very time 
consuming when used for stability analyses, since the allowable time step size may be very 
small, and large numbers of cases must be run to generate a stability map. However, with ever 
increasing computational resources, time domain stability analysis is becoming more 
widespread. It is usually performed to predict the threshold value of a system parameter (for 
example, heat flux or power level) below (or above) which the system is stable. Usually, the 
set of steady-state equations are solved first, then, the steady-state solution, with a 
perturbation, is used as the initial condition for the transient flow. The perturbation can either 
be a fractional change in the steady-state solution or a small change in one or more system 
parameters (like heat flux, pressure drop coefficient, etc.) that lasts a short period of time. 
System stability can also be investigated by momentarily perturbing the boundary conditions. 
If the disturbance grows in time and yields sustained or diverging flow oscillations, then the 
steady-state system is considered to be unstable. On the other hand, if the disturbance leads to 
decaying oscillations resulting in convergence of flow and other field variables to the steady-
state solution, then the corresponding steady-state solution is considered to be stable. 
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2.2 Previous works 
This section summarizes, in chronological order, some of the most significant papers about 
supercritical natural circulation loops. 
Walker, B.J., Harden, D.G. – “The “density effect” model: prediction and 
verification of the flow oscillation threshold in a natural-circulation loop 
operating near the critical point”. ASME Paper No. 64-WA/HT-23, 1964 
In this paper are presented the results of a theoretical and experimental investigation of the 
“density-effect” model, formulated by Bouré (1965), applied to a natural circulation loop 
operating with Freon-114 at supercritical pressure to predict the pressure and flow oscillation 
threshold. 
Two main idealizations were made in defining the model. The first, shown in Figure 
2-1(a), was the idealization of the loop geometry, which was divided into three sections: 
upstream adiabatic, L0, heater section, LC, and downstream adiabatic, L1. The cooler was not 
included as long as conditions entering the upstream adiabatic section and leaving 
downstream were specified. A constant volumetric heat flux, W, is added to the fluid in the 
heater section. 
The second idealization, given in Figure 2-1(b), consisted in the equation of state used. 
The non linear-change of density with enthalpy was postulated as being the driving 
mechanism for the oscillations and was the only mechanism introduced into the model. This 
model is called “density effect” model, and was introduced analytically by Bouré (1965).  
    
Figure 2-1. (a) Idealized schematic of the natural circulation loop. (b) Model equation of state: density-enthalpy  
By making the conservation equations dimensionless (herein, small letters are used for 
dimensionless quantities, capital letters for dimensional ones) by means of characteristic 
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values, handling, linearizing and applying the method of small perturbations, Walker and 
Harden, assumed the expression for the entrance velocity as: 
ct
00 evutu += ∞)(      (2.1) 
where v0 is small in comparison with u∞, the steady state velocity, and c is a complex number 
taken as 
                  ωirc +=       (2.2) 
The “equation in c” investigated for the case of a pure oscillatory solution (r = 0), led to a 
hypersurface (Σ) function of u∞ , a dimensionless entrance velocity, g, a dimensionless gravity 
parameter and s, a dimensionless subcooling, defined as: 
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Figure 2-2. Comparison of theoretical and experimental results with Freon-114 at 3.62 MPa (Pcr = 3.25 MPa) 
The experimental instability points, as shown in Figure 2-2, revealed for supercritical 
pressures a good agreement with the threshold surface given by equation (2.3) by plotting  
u∞= u∞(g) with s as a parameter. The operating range of temperature of the performed runs is 
not reported in the paper. 
Chatoorgoon, V. – “Stability of supercritical fluid flow in a single-channel 
natural-convection loop” International Journal of Heat and Mass 
Transfer 44 (2001) 1963-1972 
In this paper, Chatoorgoon investigated a natural circulation loop with supercritical water (see 
Table 2-1) and the boundary condition of imposed heating and cooling heat flux. He 
performed a stability analysis, developed a stability theoretical criterion and also compared 
the results of the SPORTS with analytical ones. 
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Figure 2-3 NC loop studied 
 
 
Pin 25 MPa 
Tin 350 °C Boundary condition 
Pout 25 MPa 
Area 0.0044 m2 
ID 0.0785 m 
Hloop 14 m 
Width 6 m 
z1 3 m 
z2 20 m 




f includes also the local loss coefficient 
Table 2-1. Chatoorgoon’s loop data 
The SPORTS code is a non-linear code originally developed to investigate the stability 
of flows at low pressure due to subcooled boiling; it detects flow instability by introducing a 
perturbation in the inlet flow rate and executing a time transient. The loop investigated is 
shown in Figure 2-3; it has uniform cross section area and a distributed heat source and sink 
applied respectively along the lower horizontal leg AB and the upper horizontal leg CD.  
The most significant result emerged from steady state analysis with the code was the 
non-monotonic evolution of the flow vs. power characteristic and its good agreement with the 























Figure 2-4. Flow-power curves obtained with SPORTS code and analytically 
For the sake of simplicity, to develop the analytical solution, the heat source and sink were 
not considered uniformly distributed along a finite length, but were assumed to be point 
source and sink located in the middle of the segments AB and CD, thus partitioning the loop 
in three lengths: z1, z2, z3. This simplification allowed Chatoorgoon to circumvent the 
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problem of the spatial integration of the density terms (of the momentum equation) in the 
analytical derivation: 
( )








    (2.4) 
The expression of the mass flux shows how the heating power, affecting the hot leg density 
ρ2, influences also the mass flux by means of the buoyancy term at the numerator (ρ1 − ρ2) 
and the friction term at the denominator (f2z2/ρ2). 
Equation (2.4) helps to explain the trend of the curve flow vs. power curve, firstly 
increasing and then decreasing; before the maximum, the mass flow rate increases with power 
as the enhanced driving head is counterbalanced by friction losses at higher flow rates, while 
beyond the maximum, the mass flow declines with power because the rise in hot leg velocity 
increases enough friction losses that the balance between circulation driving head and friction 
losses occurs at lower mass flow rates. 
From some stability simulations carried out with the SPORTS, Figure 2-5, it turned 
out that flow instability occurred for powers above 4.5 MW, i.e. larger than the power 

























Figure 2-5. Stability prediction by the SPORTS code for the considered loop 
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This choice was derived from the study of the sign of the first derivative of G versus 
ρ2: this derivative is negative in the region below the peak and positive beyond it. A 
perturbation that raises the outlet fluid temperature (e.g., a decrease in flow rate) would 
reduce the hot leg fluid density, and then, below the peak power where ΦξρG 1m = is negative 
( QG ∂∂ is positive), the consequent change in flow rate would be positive, which would 
counteract the perturbation. Beyond the peak power, instead, 2ρG ∂∂  is positive, then the 
change in flow rate would be negative, which would amplify the perturbation. The same 
reasoning applied to a negative temperature perturbation (increase of flow rate) indicates flow 
instability in the region beyond the peak of the flow rate versus power curve. 
Solving the equation (2.5), Chatoorgoon obtained the analytical expressions for the 
maximum mass flow and for the corresponding thermal power;, this highlighting highlighted 
how that the power corresponding to the maximum flow depends only on the inlet conditions 
and the geometric characteristics of the loop. 
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where the friction terms Φ and ξ are equal to 
θθθΦ ++ 2≡
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In addition, B and η2 in equation (2.7) are constants, derived from an approximate water 
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23107418.1B   ⋅=    2773η2 .=    (2.9) 
Lomperski, S., Cho, D., Jain, R., Corradini, M. L. – “Stability of a Natural 
Circulation Loop with a Fluid Heated Through the Thermodynamic 
Pseudo-critical Point” - ICAPP'04: 2004 international congress on 
advances in nuclear power plants, Pittsburgh, PA (United States), 13-17 
Jun 2004 
This is one of the first published works of an experiment of supercritical fluid in a 
natural circulation loop and, therefore, it is particularly important and relevant. Before this 
work, only Harden and Boggs (1964) and Cornelius and Parker (1965) investigated 
experimentally the transient behaviour near the pseudocritical point of a closed natural 
circulation loop with Freon-114 as working fluid. 
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Lomperski et al. (2004) conducted experiments with supercritical CO2 in a natural-
circulation loop. CO2 was used in lieu of water to permit operation at more moderate 
temperature and pressure, and also because carbon dioxide is considered a good substitute for 
water, as it has analogous change in physical properties across the pseudocritical point. 
Even though the focus of Lomperski’s work was to investigate experimentally the 
stability of closed-loop natural circulation for the CO2 bulk fluid temperature passing through 
the pseudocritical point, the paper also includes results from a numerical model developed to 
predict flow stability. 
The implemented test apparatus was a rectangular loop consisting of horizontally-
oriented heating and cooling sections joined by two vertical pipes high 2 meters (see Figure 
2-6). The main data of Lomperski’s loop are summarized in Table 2-2. 
A measurement of differential pressure across the heat exchanger was used to monitor 
signs of flow instability while the steady-state flow rate was determined by an energy balance 
that utilized the measured electrical power input and the fluid enthalpy change between the 
heater inlet and outlet. 
 
Table 2-2. Lomperski’s loop data 
Pipe material AISI 316 stainless steel 
Heater section 1 meter long, AC current 
Max heater power 15 kW 
ID: heater, risers and elbows 14 mm 
Risers height 2 m 
Type Two tube in tube heat exchanger in parallel 
ID 9.4 mm Cooler section: heat exchanger Length 6 m per heat exchanger 
Secondary coolant Water/glycol mixture 
Cover gas Helium Pressurizer Free volume 1.7 liters 
Thermocouples K-type, 7 fluid thermocouples, 15 wall thermocouples 
System pressure 80 bar 
Cold leg temperature Maintained fixed to 24 °C 




(a)             (b) 
Figure 2-6. (a) Schematic of NC Lomperski’s loop. (b) Operating curve for SCCO2 test loop 
The tests run consisted of stepwise increases in input power followed by a waiting 
period to allow the system to stabilize at a new flow rate. The secondary side conditions were 
occasionally adjusted to maintain the target cold leg temperature of 24 °C and gas was bled 
from the pressurizer to keep the system pressure near 80 bar. 
The experiments (see Figure 2-7) were conducted in two different configurations: a 
base case without flow obstructions in order to maximize the flow rate, and a second one with 
a 6 mm-diameter orifice within the hot leg (the addition of flow resistance in the hot leg 
lowers the threshold power at which flow instabilities develop). 
 
Figure 2-7. Steady state flow rate at 80 bar and Theater inlet = 24 °C 
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Over the course of testing, the loop has been operated within these ranges of conditions: inlet  
temperature 20-30 °C, outlet temperature 40-85 °C; pressure 75-95 bar. No flow instabilities 
have been observed despite attempts to produce them with perturbations to the power input: 
the system is always returned to steady state after such perturbations, as shown in Figure 2-8. 
 
 
Figure 2-8. Power perturbations with Tinlet ~23°C 
Lomperski et al. developed also a computer code to study stability behaviour. Numerical 
simulations were carried out using initial conditions corresponding to both the positive and 
negative slope regions of the steady state mass flow versus power; the results obtained were 
that positive slope region identifies a stable area, while the negative slope region an unstable 
one, in which the calculated flow rate always diverged after a short time.  
The only difference between the model and the experimental apparatus was the 
absence of the pressurizer in the numerical simulations, but experimental tests done on it 
suggested that the pressurizer is not the source of unexpected loop stability. 
Lomperski et al., because of the absence of oscillations in experiments, suggested that the 
instabilities observed with the code could be numerical in nature. 
Prashant K. Jain, Rizwan-uddin – “Numerical analysis of supercritical 
flow instabilities in a natural circulation loop” Nuclear Engineering and 
Design 238 (2008) 1947–1957 
In this work, Jain and Rizwan-uddin investigated flow instabilities in a natural circulation 
loop with supercritical CO2 through a computer code written in FORTRAN 90. 
The main contribution of this paper was in the study of the effects of numerical 
discretization parameters on stability threshold. Stability results, in fact, can change refining 
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spatial and temporal grid until results’ independence is reached with respect to the adopted 
grid (convergence analysis). 
A schematic diagram and geometric parameters for the investigated loop are shown in 
Figure 2-9. It is a constant area loop with lower horizontal heating and upper horizontal 
cooling sections. Heat source and sink were assumed to be of equal magnitude, and uniformly 
distributed along the respective sections. Energy was assumed to be directly deposited to or 
extracted from the respective sections eliminating the need to model wall heat transfer 
mechanism. Both, inlet and outlet of the loop were assumed to be connected to a large 
reservoir or pressurizer chamber in order to maintain constant inlet conditions (i.e. constant 
pressure and temperature at point A). 
 
Figure 2-9. Schematic diagram of Jain and Rizwan-uddin loop  
As shown in Figure 2-10, with a temporal grid refinement study, Jain and Rizwan-uddin have 
shown that a level power of 1 MW, well below the stability threshold of 1.51 MW found with 
∆t = 0.35 s, can be revealed as unstable further reducing the time step. 
This meant that a ∆t = 0.35 s (adopted in previous work by Chatoorgoon et al., 2005b) 
was a time step too large for an accurate stability analysis; in fact, it is well known that a large 
time step may induce numerical diffusion and hence artificial flow stability into the system. 
In Figure 2-11 is shown how a not enough small time step could lead to a strongly wrong 
stability prediction. 
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Further reductions of the time step yielded a time step size independent converged solution at 
t = 0.021875 (0.35/16) s. 
 
 
Figure 2-10. Effect of reducing time step on the transient solution at 1.0 MW 
 
 
Figure 2-11. Comparison of stability prediction with previous investigations 
Differently, the spatial grid refinement study has revealed that reducing the spatial grid size 
does not have a meaningful effect on system stability, as the system remained stable at finer 
spatial resolutions producing spatially converged results. 
Jain and Rizwan-uddin investigated also that the stability behaviour for different inlet 
subcooling founding, as shown in Figure 2-12, a similar behaviour to that observed in two-
phase heated channel systems (Boure et al., 1973). 
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Figure 2-12. Effect of inlet subcooling on threshold power 
From the results presented in this paper, Jain and Rizwan-uddin concluded that the stability 
threshold of a natural circulation loop with supercritical fluid is not confined to the near-peak 
region of the steady state flow-power curve, as reported previously by Chatoorgoon et al. 
(2005b). 
Manish Sharma, D.S. Pilkhwal, P.K. Vijayan, D. Saha, R.K. Sinha – 
“Steady state and linear stability analysis of a supercritical water natural 
circulation loop” Nuclear Engineering and Design 240 (2010) 588–597 
In this work, Sharma et al. (2010) carried out a linear stability analysis of a supercritical water 
natural circulation loop through the code SUCLIN. The boundary condition used was of 
cooling heat flux imposed, that even if it is something that is not very much close to the 
physics of a real loop, it was consistent with the previous works of Chatoorgoon et al. (2005a) 
and Jain and Corradini (2006). Through the study of stability maps generated by the linear 
code SUCLIN, Sharma et al. focused on the effects of diameter, loop height and local loss on 
stability behaviour. The stability maps set up for different loop geometries, for instance, 
highlighted a very different threshold of instability for Chatoorgoon loop and Jain and 
Corradini loop. 
As shown in Figure 2-13, beyond a heater inlet temperature of 365 °C, from the 
stability map of Chatoorgoon’s loop resulted that the system should be stable whatever power 
is added, while the same effect was obtained with an inlet temperature of 220 °C for Jain and 
Corradini loop. The reason of this remarkable difference could be identified by the different 
geometric values of the loops reported in Table 2-3, and especially by H/ID, ratio between 
height and inner diameter of the loop. 
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Figure 2-13. Stability maps for Chatoorgoon’s loop and  Jain and Corradini loop, both at 25 MPa, predicted by 
SUCLIN code. 
Table 2-3. Geometric data for Chatoorgoon’s and Jain and Corradini loop 
ID 78.5 mm ID 42.9 mm 
Hloop 14 m Hloop 3 m 
Width 6 m Width 2 m Chatoorgoon’s loop 
H/ID 178.3 
Jain and Corradini loop 
H/ID 69.9 
 
The single effects of the internal diameter and of loop’s height on stability, are shown in the 
stability maps of Figure 2-14, generated for another supercritical water loop corresponding to 
a supercritical test facility set up in BARC (Bhabha Atomic Research Centre). 
By increasing the diameter the power envelope of the unstable zone increases notably, 
while the heater inlet temperature beyond which instability is not observed decreases. 
The same behaviour occurs by raising loop height. 
 
 
Figure 2-14. Effect of internal diameter and of loop height on stability behaviour of loop 
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The effect of local losses on the stability behaviour is shown in Figure 2-15. As in two-phase 
natural circulation loops, local losses in cold or sub-critical leg stabilizes, while local losses in 
hot or supercritical leg destabilizes. 
 
Figure 2-15. Effect of local losses on stability behaviour 
 
Manish Sharma, P.K. Vijayan, D.S. Pilkhwal, D. Saha – “Experimental and 
theoretical investigations on the steady state and stability behaviour of 
Natural Circulation Systems  operating with supercritical fluid”. IAEA 
Technical Meeting on Heat transfer, thermal-hydraulics and system 
design for supercritical pressure water cooled reactors, 5-8 July 2010 
Pisa, Italy 
In this work, the experimental results obtained in a closed natural circulation loop (SCNCL) 
with supercritical carbon dioxide were compared with those of the computer code NOLSTA. 
Sharma et al. carried out a steady state and stability analysis of open and closed loop. 
In the open loop analysis, the inlet fluid temperature to heater is fixed irrespective of 
the heater power, the rate of heat rejection in the cooler is not evaluated based on calculation 
of overall heat transfer coefficient for cooler and temperature difference between primary and 
secondary fluid. Whatever the amount of heat generated in the heater, it is rejected in the 
cooler without evaluating its capacity of heat removal. In this case, the operating pressure of 
the loop, inlet fluid temperature to the heater and the heater power are specified. 
In the closed loop analysis, the coolant mass flow rate on secondary side of cooler is 
kept constant as heater power is increased, the heater inlet temperature is not fixed and 
increases with increase in heater power. The rate of heat rejection in the cooler is evaluated 
based on calculation of overall heat transfer coefficient for cooler and temperature difference 
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between primary and secondary fluid. In this case, the operating pressure of the loop, coolant 
mass flow rate & inlet temperature for secondary side of cooler and the heater power are 
specified. 
The schematic of the test facility is shown in Figure 2-16, while geometric data of the loop are 
listed in Table 2-4. 
                  
Figure 2-16. Schematic of Sharma ‘s natural circulation loop 
Table 2-4. Data of supercritical CO2 natural circulation loop 
Pipe material AISI 347 stainless steel 
Heater section 1.3 meter long, AC current 
OD / ID 21.34 mm / 13.88 mm 
Height 4.1 m 
Width 3.01 m 
Type Tube in tube heat exchanger  
Length 1.2 m  Cooler: 
OD / ID 88.9 mm / 77.9 mm 
Secondary coolant Chilled water (9 °C) 
Secondary volumetric flow rate 10 – 56 LPM 
Pressurizer: cover gas Helium 
Possible configuration HHHC; HHVC; VHHC; VHVC 
Operating pressure 8 - 9 MPa 
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In the closed loop analysis, the steady mass flow rate obtained from the code 
NOLSTA showed a good agreement with the experimental results (Figure 2-17). 
It can be observed that the heater inlet temperature is no more constant, as in open loop 
analysis, and that the major difference of flow-power curves respect of previous investigations 
with open loop condition is the sharp reduction of flow, which occurs when the cold leg 
passes the pseudocritical point. (37.4 °C at 85 bar). 
 
Figure 2-17. Comparison of experimental and predicted mass flow rate, heater inlet and outlet temperature 
From experiments on instability, see Figure 2-18, resulted that the only possibly unstable 
configuration was the HHHC orientation (Horizontal Heater Horizontal Cooler), and that the 
unstable power range was  W925500 ÷ . A typical characteristic of this instability shown by 
experiments, was that only heater outlet temperature oscillated while the heater inlet 
temperature remained practically constant indicating a open loop type behaviour. 
 
Figure 2-18. Experimental unstable behaviour observed at 700 W and 800 W for HHHC orientation 
The stability analysis carried out for HHHC orientation with the code NOLSTA (Figure 2-19) 
showed remarkable differences with the experimental results: the loop was found to be 
unstable in a larger power range,  W1400800 ÷ , flow reversal was predicted and inlet heater 
temperature resulted oscillating. 
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Figure 2-19. Predictions of instability at 800 W by NOLSTA code 
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3. Reference experimental data 
In this chapter the experimental facility of the BARC (Bhabha Atomic Research Centre, 
Mumbai, India) used to perform experiments on supercritical CO2 natural circulation is 
described. The experiments carried out are also reported. 
3.1 Experimental facility 
In Figure 3-1 it can be seen the schematic of the experimental loop. It is a uniform 
diameter rectangular loop made of 13.88 mm inside diameter stainless steel (SS-347) pipe, 
with an outside diameter of 21.34 mm. The loop has two heater test sections and two cooler 
test sections, so that it can be operated in any one of the four orientations such as Horizontal 
Heater Horizontal Cooler (HHHC), Horizontal Heater Vertical Cooler (HHVC), Vertical 
Heater Horizontal Cooler (VHHC) and Vertical Heater Vertical Cooler (VHVC). 
The heater was made by uniformly winding nichrome wire over a layer of fiber glass 
insulation. The cooler was of the tube-in-tube type with chilled water as the secondary coolant 
flowing in the annulus. The outer tube, forming the annulus, had a 77.9 mm inside diameter 
and 88.9 mm outside diameter. The loop had a pressurizer connected to the bottom horizontal 
pipe which takes care of the thermal expansion besides accommodating the cover gas helium 
above the carbon dioxide. The safety devices of the loop (i.e. rupture discs RD-1 & RD-2) 
were installed on top of the pressurizer which also had provision for CO2 & He filling.  
The entire loop was insulated with three inches of ceramic mat (k=0.06 W/(mK) ). 
 
3.1.1 Instrumentation 
The BARC loop was instrumented with 44 calibrated K-type mineral insulated thermocouples 
(1 mm diameter) to measure the primary fluid, secondary fluid and heater outside wall 
temperatures. Primary fluid temperatures at each location were measured as the average value 
indicated by two thermocouples inserted diametrically opposite at a distance of r/2 from the 
inside wall (see detail-D in Figure 3-3). On the other hand, secondary fluid temperatures were 
measured by a single thermocouple located at the tube centre. This was adequate to obtain the 
average temperature as the temperature rise in the secondary fluid was small (< 4 °C). The 
thermocouples used to measure the heater outside wall temperature (see Figure 3-2) were 
installed flush with the outside surface for a total of 12 thermocouples installed at six axial 
distances at diametrically opposite locations (see detail-C in Figure 3-3). 




Figure 3-1. Schematic of the supercritical pressure natural circulation loop (SPNCL) of the BARC 
 
Figure 3-2. Enlarged view of the thermocouples installed in the horizontal heater  
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The system pressure was measured with the help of two Kellar made pressure 
transducers located on the pressurizer as well as at the heater outlet. The pressure drops across 
the bottom horizontal tube and the level in the pressurizer were measured with the help of two 
differential pressure transmitters. The power of each heater was measured with a wattmeter, 
while the secondary flow rate was measured with the help of a rotameter. All instruments 
were connected to a data logger with a user selectable scanning rate. For all the transient and 
stability tests the selected scanning rate was 1 second.  
The accuracy of the thermocouples was within ± 1.5 °C. The accuracy of the pressure 
and differential pressure measurements were respectively ± 0.3 bar and ± 0.18 mm of water 
column. The accuracy of the secondary flow as well as the one of power measurement are 
both ± 0.5 % of the reading. In addition, typical fluctuations of each instrument were also 
recorded during steady state with and without power (stagnant initial conditions) and a light 
difference was observed. 
 
 
Figure 3-3. Detail of the thermocouples used to measure fluid and wall temperature 
 
3.1.2 Characterizing loop tests  
In this section, tests performed to quantify the heat losses and the pressure drops along the 
loop are presented. The pressure drop characterization tests were carried out under forced 
flow conditions with the help of a pump in a separate facility using the same bottom 
horizontal pipe and one of the elbows installed horizontally. 
From the measured pressure drop across the bottom horizontal pipe and the flow rate, 
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The estimated friction factor is plotted in Figure 3-4. together with the correlation fitted to the 
friction factor data. From the measured pressure drop across the elbow and the flow rate, the 







K =      (3.2) 
The loss coefficient data generated at forced flow condition is plotted together with its fitting 
in Figure 3-4. The loss coefficient was found to be constant at 0.55 for Reynolds numbers 
greater than 45000. 
 
 
Figure 3-4. Experimental friction factor and experimental K coefficient (IAEA, Annual Progress Report 2010) 
To estimate the heat losses, natural circulation experiments were carried out at various 
powers with water at subcritical conditions. These experiments were carried out at a system 
pressure of 30 bar for all the four orientations of the heater and cooler. 









=      (3.3) 
where the specific heat considered is that corresponding to the arithmetic average of heater 
inlet and outlet temperatures. This choice seems reasonable because, as shown in Figure 3-5, 
the specific heat trend is quite linear for short ranges of temperature. 
The heat rejected at the cooler, Qcooler, was estimated using the measured cooler inlet and 
outlet primary temperatures: 
( )outcincpcooler TTWcQ ,, −=     (3.4) 
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H2O : P = 3 MPa
Saturation Temp. = 233.8 °C
 
Figure 3-5. Specific heat at constant pressure for H2O at 30 bar in the temperature range 100 – 150 °C 
Since the ambient temperature was significantly high (30 ± 2 °C) compared to the chilled 
water coolant temperature (9.8 ± 1.6 °C), in certain low power cases, heat was gained rather 
than lost. 
However, by observing Figure 3-6 it can be noted an unusual result, i.e. the heat loss is 
maximum (about 20% of heater power) for HHHC orientation. Actually, it would be expected 
that the heat losses were maximum for the HHVC orientation since its hot leg is the longest, 
and minimum for VHHC orientation, since its hot leg is the shortest. Instead, what we see is 
that VHHC shows almost minimum heat loss as expected, whereas HHVC does not show the 
maximum heat loss. This discrepancy between our theoretical considerations and the heat 
losses calculated in this way could be due to problems of thermal stratification with HHHC 
orientation. 
Indeed, the unavoidable thermal stratification in the horizontal heater outlet and 
horizontal cooler outlet leads to some error in the measured heater and cooler outlet 
temperatures, even if there is a mixing length available at the outlet side of both the horizontal 
heater and horizontal cooler. Then, the heat losses estimated could be less than that shown in 
Figure 3-5 for HHHC orientation. Although, it is known that there is larger error in the heat 
loss calculation for HHHC orientation, it was not found a better way to experimentally 
estimate it (a Coriolis flow meter could not be chosen because of the vibrations introduced in 
the system). 




Figure 3-6. Estimated heat loss fraction for various orientations during NC experiments with subcritical water 
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3.2 Addressed test conditions with supercritical CO2 
3.2.1 Operation with supercritical CO2 
The operating procedure adopted in the experiments is described. 
Before operation with supercritical CO2, the loop was flushed repeatedly with CO2 at 
low pressure including all impulse, drain and vent lines. Subsequently the loop was filled with 
CO2 up to 50 bar in pressure and the chilled water coolant was valved in. This caused 
condensation of CO2 and hence a decrease in loop pressure. The pressure decrease was 
compensated by admitting additional CO2 from the cylinder and again allowing sufficient 
time for condensation. The process of filling and condensation was continued till there was no 
decrease in pressure. 
At this point the loop pressure was increased to the required value with the help of a 
helium gas cylinder. Once the required supercritical pressure was achieved, the helium 
cylinder was isolated. Sufficient time was allowed to reach a steady state. It was found 
difficult to attain completely stagnant conditions with uniform temperature throughout the 
loop as the higher ambient temperature allowed a small amount of heat absorption through the 
insulation into the loop which was rejected at the cooler causing a small circulation rate. 
Once a steady state was achieved, the heater power was switched on and adjusted to 
the required value. Sufficient time was allowed to achieve the steady state. Once the steady 
state was achieved, power was increased and again sufficient time was provided to achieve 
the steady state. In case the system pressure increased beyond the set value by 1 bar, a little 
helium was vented out to bring back the pressure to the original value. Similarly during power 
decrease if the pressure decreases below the set point by one bar, then the loop was 
pressurized by admitting additional helium into the pressurizer. 
The experiments were repeated for different pressures and different chilled water flow 
rates. Subsequently the experiments were performed for different orientations of the heater 
and cooler. 
 
3.2.2 Steady state data 
Steady state data on natural circulation flow rate and heat transfer were generated with 
supercritical CO2 for various orientations of the source and sink. The range of parameters of 
all the steady state data is the following: 
• Orientations studied: HHHC, HHVC, VHHC and VHVC; 
• Pressure: 8 - 9.2 MPa; 
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• Power: 0.1 - 2.4 kW; 
• Cold leg temperature: 17.5 - 57.7 °C; 
• Hot leg temperature: 19.3 - 95.9 °C; 
• Coolant flow rate: 29.6 - 56 lpm (liters per minute); 
• Coolant inlet temperature: 8.2 - 11.4 °C; 
• Coolant outlet temperature: 9.0 - 12.5 °C. 
The steady state mass flow rate was estimated using the measured heater power and 








=     (3.6) 
with the enthalpies at the heater inlet and outlet estimated using the corresponding measured 
temperatures and the system pressure. 
It is worth to underline that in order to minimize the error in bulk fluid temperature 
measurement caused by thermal stratification phenomena in HHHC orientation, the 
thermocouples measurements (see Figure 3-1) at the vertical heater inlet, T17 and T18, were 
considered instead of those at horizontal heater outlet, T15 and T16.  
Data reported in Table 3-1 provide the justification at the basis of this choice.  
Table 3-1. Thermocouples measured data 
 Horizontal heater outlet section Vertical heater inlet section 
Power [W] Pressure [bar] T15 [°C] T16 [°C] T17 [°C] T18 [°C] 
1406.2 85.6 37.8 36.9 37.7 37.6 
1497.7 84.4 41.2 41.3 42.8 43.2 
1916.1 85.0 69.4 72.1 75.4 75.8 
2000.5 84.7 63.2 65.9 69.2 69.6 
2077.1 85.0 82.4 85.5 90.6 90.9 
2197.7 85.0 80.7 84.4 88.9 89.8 
2287.0 85.3 89.2 93.3 98.5 98.8 
 
Despite of this precaution, the flow rate data inside the pseudocritical region are to be 
considered less reliable than those outside, because in the pseudocritical region a greater error 
can be obtained in estimating the fluid enthalpy due to the sharp change of specific heat, see 
Figure 3-7. 
















































CO2, 8.6 MPa - Tpc = 37.9 °C
 
Figure 3-7. Specific enthalpy and specific heat at constant pressure for CO2 at 8.6 MPa 
The flow rates so estimated were compared with the predictions of the in-house developed 


























Pressure = 8.6 MPa
 
Figure 3-8. Steady state flow rate at 8.6 MPa in HHHC and HHVC configurations 
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3.2.3 Stability data 
In addition to experiments in steady state conditions, transient tests were also performed. 
During these tests, instabilities were observed only for the HHHC orientation, while all the 
other orientations were found to be fully stable. However, even for the HHHC orientation, 
both the subcritical and the supercritical regions beyond the pseudo-critical region were found 
to be most stable, because instabilities were observed only for a narrow window in the 
pseudo-critical region at low secondary coolant flow rates (20 lpm or less). 
The experiments in which the instabilities were detected are the following: 
a) Start-up from rest; 
b) Power raised or lowered from a stable steady state; 
c) Large power decrease from a stable steady state. 
Typical instabilities observed for start-up from rest are shown in Figure 3-9. 
        
Figure 3-9. Start-up from rest at different powers (IAEA, Annual Progress Report 2010) 
In the case of power raised or decreased starting from the steady state conditions, 
typical observed instabilities at 9.1 MPa (though they were observed also at lower pressures) 
are shown in Figure 3-10 and Figure 3-12 respectively for 500 W and 800 W with 10.1 and 15 
lpm of secondary cooling flow rates. An interesting feature of the oscillations is that the inlet 
temperature remains almost constant while only the outlet temperature is oscillating (see 
Figure 3-11). On the other hand, the approximate equality between the time period of heater 
outlet temperature oscillations and the loop circulation time calculated by NOLSTA (see 
Table 3-2) points to Welander mechanism (Welander, 1967) for development of instability. 











Range of heater 
outlet temp. 
oscillation [°C] 
Time period of 
heater outlet temp. 
oscillation [s] 
Loop circulation time 
calculated by 
NOLSTA [s] 
500 10.1 27.1 37-44.6 36 37.6 
800 9.1 15 31 35-43 32 28.31 







































9.1 Mpa, 500 W








































9.1 Mpa, 500 W
Secondary cooling water flow of 10.1 LPM, inlet temperature of 9.8 oC
 





































9.1 Mpa, 500 W
Secondary cooling water flow of 10.1 LPM, inlet temperature of 9.8 oC
 






































9.1 Mpa, 800 W







































9.1 Mpa, 800 W
Secondary cooling water flow of 15 LPM, inlet temperature of 9.8 oC
 
Figure 3-12. Instability observed at 800 W, 9.1 MPa and 15 lpm secondary flow 
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7.7 Mpa, 1900 - 300 W
Secondary cooling water flow of 10 LPM, inlet temperature of 9.1 oC
 











































7.7 Mpa, 1900 - 300 W
Secondary cooling water flow of 10 LPM, inlet temperature of 9.1 oC
 












































7.7 Mpa, 1900 - 300 W
Secondary cooling water flow of 10 LPM, inlet temperature of 9.1 oC
 
Figure 3-15. Pressure drops across the heater due to large power decrease (1900 – 300 W), at 7.7 MPa 
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3.3 Addressed test conditions with supercritical H2O 
The supercritical pressure natural circulation loop (SPNCL) for H2O was recently set up in the 
BARC centre; then, up to now only steady state data with HHHC orientation were obtained 
(no transient experiments data yet available). 
The loop (see Figure 3-17) was set up modifying the one previously employed for 
CO2. New test sections, pressurizer and power supply were installed; and also the 
instrumentation and the secondary system of the loop were modified. 
Two Inconel heater test-sections, one for the horizontal and one for the vertical heater, 
capable of operation at 30 MPa and 550 °C were fabricated and installed in place of the SS 
347 test sections. The thermocouples were brazed on the outside surface of each heater test 
section, at thirteen different axial locations and, at each location, four thermocouples were 
provided at 90° angular distance (see Figure 3-16), for a total of 124 thermocouples. The new 
test sections are direct electrically heated ones. 
A new pressurizer for high pressure operation (designed for 30 MPa) required for the 
supercritical water conditions was installed, as well as the new safety devices (rupture discs) 
required for the higher pressure. The pressurizer also had provisions for gas filling (nitrogen). 
A Haskel pump was installed to pressurize the loop, while the cooler is the same tube 
in tube type used for CO2 loop; however, in this case cooling is achieved with air flowing in 
the annulus instead of chilled water. For this reason, a large capacity blower (i.e. 45,300 lpm 
at 20 m water column head) has been procured and installed. 
 
 
Figure 3-16. Horizontal/ vertical heater test section for H2O 
 




Figure 3-17. Schematic of the SPNCL for H2O 
 
3.3.1 Operation with supercritical H2O 
The methodology by which the preliminary experiments with supercritical water were 
conducted is described hereafter: 
i)  the loop is filled up with water to the required level in the pressurizer; 
ii)  nitrogen is filled at the top of the pressurizer and the loop pressure is increased to 11 
MPa; 
iii)  further pressurization to 22 MPa and beyond is achieved by injecting more water at the 
bottom of the pressurizer with the Haskel pump, which increases the water level in the 
pressurizer; then the Haskell pump is isolated; 
iv)  subsequently, power is switched on and due to thermal expansion of water the loop 
gets pressurized above 22.1 MPa (i.e. the supercritical pressure); 
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v)  to get the desired pressure at a given operating power, the water inventory in the 
pressurizer was changed by either injecting water with the Haskel pump or draining 
water from the drain line near the outlet of the pump; the pressurizer leg remained cold 
as it was connected by a U-bend to the main loop, facilitating cold water injection into 
the system without concerns of thermal stress. 
 
3.2.2 Steady state data 
The experimental steady state mass flow rate, heater inlet and outlet temperatures versus 
power for constant secondary side air flow rate are shown in Figure 3-18 and Figure 3-19.The 
predictions by NOLSTA code were found to be in reasonable agreement with experimental 
data. Only one value was obtained beyond pseudo-critical temperature because there the 
heater wall temperatures became very high due to lower heat transfer coefficients and the 
heater power got tripped. The average temperature of the cooling air (see Table 3-3) is higher 
than environment temperature (30 °C) because the blower heats it. 
Table 3-3. Parameters of the experiments 
Power [kW] Pressure [MPa] Taverage-air [°C] 
1 22.6 52.5 
1.5 22.7 53.8 
2 22.8 55.6 
2.5 22.8 57.6 
3 22.9 59.3 
3.5 23.1 60.7 
4 23.2 61.25 
5 23.6 64.9 
6 24.3 67.7 
6.5 23.2 70.3 
































Air flow rate = 24500 lpm (average)
 
Figure 3-18. Steady state flow rate data with supercritical water 


























Air flow rate = 24500 lpm (average)
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4. Methodology of the analysis 
4.1 Adopted fluid-to-fluid similarity principles 
In this section, some basic concepts suitable for comparing different supercritical fluids are 
presented. 
A first necessary step required to compare various supercritical fluids having very 
different operating pressure and temperature ranges is translating into dimensionless 
formalism the variables characterising their working conditions through some reference 
quantities. In similarity with the case of two-phase fluids, in which variables are made 
dimensionless referring to the saturation conditions, for the SC fluids a seemingly natural 
choice is referring to the pseudocritical point. This was the route taken by Ambrosini and 
Sharabi (2006) who proposed dimensionless numbers for heated channel with SC fluids. 
Extending their proposal to the case of natural circulation loops, the following set of 
dimensionless number definitions can be obtained: 
pcρ
ρ
























































=   (4.3) 
Through the substitution of these dimensionless groups in the balance equations, it is possible 
to make them dimensionless, at least for the case of assigned heating and cooling fluxes in 
thermal sources and sinks (see section 4.4.2. below). The treatment of an assigned secondary 
coolant temperature, resulting in a third kind boundary conditions, is presently not considered. 
However, the key element that is the basis of the similarity principles is the dimensionless 
equation of state. In fact, by plotting the properties of H20, CO2, NH3, R23 in terms of ρ* and 
h* at different pressures, Ambrosini and Sharabi (2006) found a remarkable similarity in these 
relationships for different SC fluids, as clearly shown in Figure 4-1. Recognising that four SC 
fluids behave in a similar way (especially in the gas-like region), no matter the value of the 
supercritical pressure, is very useful because it allows to obtain balance equations independent 
of pressure and fluid at a reasonable extent.  
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For instance, in the range -1.4 < h* < 2, a possible dimensionless equation of state for all SC 












On the other hand, beyond that region :  
( ) 41h  for        6241h526051h50ρ 2 ..... **** −<+⋅−+⋅−=   (4.5) 










  (4.6) 
However, in order to get a proper similarity, the only equation of state relating dimensionless 
density to dimensionless enthalpy is enough only for considering dynamic behaviour. 
In fact, if the heat transfer is considered, the momentum and energy equations written 
in dimensionless form (Todreas and Kazimi, 1990) show the leading role of the Reynolds and 
Prandtl numbers. Then, to realize a meaningful similarity, also the thermo-physical properties, 
the molecular momentum and thermal diffusivities, must have a similar trend in order to 
































































    (4.8) 
 
Figure 4-1. Dimensionless equation of state for H20, CO2, NH3 and R23 at different pressures 
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Accepting the theory of corresponding states, an equal reduced pressure of 1.133 was 
chosen for all the considered SC fluids for the comparison of properties.  
The pressures obtained in this way are listed in Table 4-1. 
Table 4-1. Pressures used for the calculation of SC fluids properties 
SC Fluids PC [MPa] P [MPa] Pr = P/PC 
H2O 22.064 25 
CO2 7.3773 8.36 
R23 4.832 5.475 
NH3 11.333 12.84 
1.133 
 
Using the NIST property package, version 7 (NIST, 2002), the Prandtl number and the two 
molecular diffusivities, α and ν , were compared as a function of dimensionless enthalpy. As 
clearly shown from Figure 4-2 to Figure 4-4, the supercritical ammonia has trends closer to 







































Figure 4-3. Thermal diffusivity as function of dimensionless enthalpy 
 

























Figure 4-4. Kinematic viscosity as function of dimensionless enthalpy 
 
4.2 RELAP5 system code 
The RELAP5 computer code (SCIENTECH. Inc., 1999) is a light water reactor transient 
analysis code developed for the U.S. Nuclear Regulatory Commission (NRC) for use in 
rulemaking, licensing audit calculations, evaluation of operator guidelines and as a basis for a 
nuclear plant analyzer. Specific applications of these capabilities have included simulations of 
transients in LWR systems, such as loss of coolant, anticipated transients without scram 
(ATWS), and operational transients such as loss of feedwater, loss of offsite power, station 
blackout, and turbine trip. However, RELAP5 is a highly generic code that, in addition to 
calculating the behaviour of a reactor coolant system during a transient, can be used for 
simulating a wide variety of hydraulic and thermal transients in both nuclear and non nuclear 
systems involving mixtures of steam, water, non condensable gases, and solutes. 
A schematic of the functional modular structures of RELAP5 is shown in Figure 4-5.  
 
Figure 4-5. RELAP5 modular structures  
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With respect to the previous code generation (e.g., RELAP4/MOD7) based on the 
homogeneous equilibrium model (HEM) of the two-phase flow process, the principal new 
feature of the RELAP5 series is the use of a two-fluid, non equilibrium, non homogeneous, 
hydrodynamic model. As known, this is a characteristic typical of all “second generation” 
thermal-hydraulic codes, that were developed starting with the end of the years 1970s and 
were subjected to a thorough assessment in past decades. 
The RELAP5 hydrodynamic model is a one-dimensional, transient, two-fluid model 
for flow of a two-phase steam-water mixture that can contain non condensable components in 
the steam phase and/or a soluble component in the water phase. The two-fluid equations of 
motion that are used as the basis for the hydrodynamic model are formulated in terms of 
volume and time-averaged parameters of the flow, while phenomena that depend upon 
transverse gradients, such as friction and heat transfer, are formulated in terms of the bulk 
properties using empirical transfer coefficient formulations. In the purposes of the present 
discussion, it is interesting to note that in RELAP5 a supercritical fluid is treated in similarity 
with the treatment adopted for single-phase fluids; therefore, the complicate two-phase flow 
model is not necessary and the actually solved balance equations are the three classical ones 
for 1D mass, momentum and energy conservation with a compressible fluid. 
The system model equations are solved numerically using a semi-implicit finite-
volume technique, based on staggered grids and upwind differencing. 
 
4.2.1 Balance equations 
The RELAP5 thermal-hydraulic model solves eight field equations: two phasic continuity 
equations, two phasic momentum equations, two phasic energy equations, two conservation 
equations respectively for the non condensable gas and for boron, for a total of eight primary 
dependent variables. 
The primary dependent variables are pressure (p), phasic specific internal energies (ug, 
uf), vapor volume fraction (void fraction) (αg), phasic velocities (wg, wf), non condensable 
quality (Xn), and boron density (ρb) while the independent variables are time (t) and distance 
(x). However, as above mentioned, these eight equations become three (mass, momentum and 
energy conservation) for the case of single-phase or SC fluids where only one phase is present 
and the non condensable gas or boron transport are not activated. For the investigated case the 
balance equations are simplified and reduced to: 
4. Methodology of the analysis 
 46 















     (4.9) 
 




























   (4.10) 
 
3. Energy conservation 
 




















  (4.11) 
 
where Qw [W/m3] indicates the wall heat transfer rate per unit volume, while the last term of 
the right side is the energy dissipation term due to internal fluid friction, equal to fρw3/(2D). 
 
Semi-Implicit Scheme Difference Equations 
 
The semi-implicit numerical solution scheme is based on replacing the system of differential 
equations with a system of algebraic equations partially implicit in time. In all cases, the 
implicit terms are formulated to be linear in the dependent variables at new time step. This 
results in a linear time-advancement scheme that is solved by direct inversion using a sparse 
matrix routine. 
An additional feature of the scheme is that implicitness is selected such that the field 
equations can be reduced to a single difference equation per fluid control volume, which is in 
terms of the hydrodynamic pressure. Thus, only an N x N system of equations must be solved 
simultaneously at each time step, where N is the total number of control volumes used to 
simulate the fluid system. 
The difference equations are based on the concept of a control volume in which mass 
and energy are conserved by equating accumulation to the rates of influx through the cell 
boundaries. This model results in defining mass and energy volume averaged properties and 
in requiring knowledge of velocities at the volume boundaries. The velocities at the 
boundaries are most conveniently defined through the use of momentum control volumes 
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centered on the mass and energy cell boundaries. This approach results in a numerical scheme 
having a staggered spatial mesh: the scalar properties (pressure and energy) of the flow are 
defined at cell centers while the vector quantities (velocity) are defined on the cell boundaries. 
The resulting one-dimensional spatial nodalization is illustrated in Figure 4-6. 
 
 
Figure 4-6. Schematic of difference equation nodalization  
The difference equations for each cell are obtained by integrating the mass and energy 
equations (4. and (4.11) along the spatial variable, x, from the junction at xj to the one at xj+1. 
and the momentum equation (4.10) along the spatial variable from cell center to adjoining cell 
center (xK to xL). 
After spatial discretization, the time integration is then applied. By indicating the time 
level by the superscripts n, n+1, the spatial noding indexes for volumes and for junctions 
respectively with K, L and j, j+1, the intermediate time variables with a tilde (~), as in 
eq.(4.12), and the donored quantities with a dot overscore as in eq.(4.13), 
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     (4.13) 
the three finite difference equations (for mass, momentum and energy) used by RELAP5 can 
be obtained. 
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1. Finite-difference mass balance 
 
( ) ( ) 0tΔAwρAwρρρV j1njnj1j1n 1jn 1jnL1nLL =−+− ++++++ &&~   (4.14) 
2. Finite-difference momentum balance 
 
( ) ( ) ( )[ ] [ ]











































VIS is the viscous term, which is introduced dealing with two phase flows to have a well-








































































VIS   (4.16) 
n
jHLOSS , instead, contains both code-calculated abrupt area change loss terms (if activated for 
a two-phase flow) and the user-specified loss terms corresponding to the singular pressure 
drops ( 2wK nj / ) 
 
3. Finite-difference energy balance 
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The Friction Factor Model 
In RELAP5 the Darcy-Weisbach friction factor is computed from correlations for laminar and 
turbulent flows with a linear interpolation in the transition regime. The turbulent friction 
factor is given by the Zigrang-Sylvester [eq. (4.20)] approximation to the Colebrook-White 
correlation.  
Eq. (4.20) has the advantage that it is an explicit relation for the friction factor, while 
the Colebrook-White correlation is a transcendental function requiring iteration for the 
determination of the friction factor. 
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.f  (4.20) 
The above relationships, which hold for an unheated surface, are corrected for the change in 
viscosity in the case of heated walls, also taking into account the wetted and the heated 
perimeters in the duct. It must be noted that, as also pointed out below for convective heat 
transfer correlations, the relationships adopted in RELAP5 for friction factor cannot be 
considered adequate for supercritical fluids, especially in the transition region between the 
liquid-like and the gas-like conditions, where the friction factor is known to change 
considerably with respect to the case of constant property fluids (Angelucci, 2010). 
 
Wall heat transfer models 
The proper calculation of heat transfer coefficient is a very important topic, especially for SC 
fluids which are subjected to heat transfer deterioration or enhancement. About this, many 
investigators have worked to improve the reliability of heat transfer correlations for SC fluids 
(Bishop et al., 1964; Yamagata et al., 1972; Jackson and Fewster, 1975). For this reason, 
looking at the RELAP5 forced convection mode relationships, their inadequacy for the 
analysis of supercritical fluids is clear: RELAP5 selects the maximum heat transfer coefficient 
obtained by one of these three correlations: Dittus-Boelter (Dittus and Boelter, 1930), Kays 
(Kays, 1955), and Churchill-Chu (Churchill and Chu, 1975). The inadequacy of correlations 
implemented in RELAP5 for heat transfer and friction represent a common condition in the 
application to supercritical fluids of system codes. As it will be shown later on, these 
inadequacies, that need to be removed to obtain more reliable predictions of supercritical 
pressure flow phenomena, introduce a relatively small uncertainty in the results of the 
analyses to be performed in this work. 
 
4.2.2 Adopted nodalization and boundary conditions 
The nodalization of the experimental facility operated at the BARC (Bhabha Atomic Research 
Centre) in the HHHC configuration, previously described in chapter 3, is relevant for the 
quality of the results to be obtained. A good spatial nodalization must reach a compromise 
between accuracy (spatial convergence and low numerical diffusivity, i.e., low truncation 
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error due to finite increments) and the increase in the computational effort. This is generally 
understood implying that the adopted nodalization must be such as to ensure a reasonable 
independence of the solution from a further spatial refinement, which means the convergence 
of the numerical solution. 
Basing on the previous literature works (Chatoorgoon et al., 2005a; Jain and  
Rizwan-uddin, 2008), the maximum length of the adopted control volumes was about 42.61 
mm. The main data of the nodalization described in Figure 4-7 are summarized in Table 4-2.  
Table 4-2. RELAP5 Nodalization data of the BARC facility (CO2 SPNCL) 
Hydrodynamic component Length [mm] Volumes number ∆xi [mm] 
Pipe 100 895 21 42.61 
Pipe 110 1220 34 35.88 
Pipe 120 895 21 42.61 
Pipe 130 4059 99 41 
Branch 140 41 1 41 
Pipe 150 970 23 42.17 
Pipe 160 1200 34 35.29 
Pipe 170 840 20 42 
Branch 180 41 1 41 
Pipe 190 4059 99 41 
TOTAL 14220 396 (395 junctions)  
 
The main input data supplied to the code were: 
• facility geometrical data, including the flow paths and the heat structures; 
• tube roughness and local pressure losses; 
• thermal conductivity and volumetric heat capacity of the heat structures. 
The local losses in the bends are taken into account through user-defined functions of the 
Reynolds number for the calculation of the K coefficients: 
F-C
FFF ReBAK +=     (4.21) 
The expansion tank was modeled through the Time Dependent Volume 420, which has the 
unique task to fix the operating pressure in the loop. 
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Boundary conditions 
The heat structures represent the solid portions of the thermal-hydrodynamic system and they 
are in thermal contact with fluid, exchanging heat with it (term QW in the energy balance 
equations). The following heat structures are introduced in the model. 
 
• Heater walls – To perform a condition of imposed heat flux, a thermal source in the 
heater heat structures was assigned in order to supply heat to the fluid. 
 
• Cooler walls – Depending on the kind of the problem, one of these 3rd kind conditions 
can be chosen:  
a) To simulate a condition of imposed cooling heat flux (2nd kind condition) a 
thermal sink in the cooler heat structures was assigned; 
b) To simulate a secondary coolant flow, a cooling flow rate (through the Time 
Dependent Junction 305) and a coolant inlet temperature (through the Time 
Dependent Volume 300) were assigned; 
c) To assign in a parametrical form the typical convective boundary condition, the 
secondary side heat transfer coefficient and the sink temperature were assigned. 
 
• Inert walls and outer environment – Depending on the operating conditions that we 
wanted to simulate, the HTC to the environment in walls not belonging to the heater or 
the cooler regions could be fixed to zero (adiabatic loop) or nonzero (defining also an 
environmental temperature) when heat losses were taken into account. 
 
As previously discussed, RELAP5 uses a semi-implicit numerical scheme, but it 
allows the user to choose further useful options. For instance, in most of the calculations run, 
a specific option (identified by the number 3 as fourth word of the card 201) for time step 
control was selected, causing heat conduction and hydrodynamics to use the same time step 
being advanced separately; otherwise, the option identified by the number 7, which is similar 
to the previous one but with the addition of an implicit advancement of the heat 
conduction/transfer with the hydrodynamics was used. 
 The other numerical scheme available in the code, being the nearly-implicit one, was 
never used, since it is largely more diffusive than the semi-implicit scheme. 




Figure 4-7. Nodalization of the BARC facility (HHHC case) adopted for RELAP5/Mod 3.3 
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4.3 CFD codes: Fluent and STAR-CCM+ 
For some decades, the use of CFD tools has proved to give a valuable support in getting 
understanding of the physical phenomena. Recently, in the investigation of  
Pilkhwal et al. (2007), only a CFD model, thanks to its 3-D nature, gave the physical 
explanation for the unidirectional pulsating instabilities in HHHC configuration of a single 
phase natural circulation loop. Indeed, at the origin of the behaviour there was a slight thermal 
stratification occurring in the horizontal pipes which a 1-D code with cross-section averaged 
variables like RELAP5 obviously could not predict. 
For this reason, two different computational fluid-dynamics codes: Fluent (Fluent Inc., 
2006) and STAR-CCM+ (CD-Adapco, 2009) have been also adopted for simulating the 
system dynamics of the experimental BARC facility in different configurations. The reason 
for using two CFD codes, instead of only one, is due to the fact that it was considered 
interesting comparing their results because of the codes have different spatial meshes and 
numerical algorithms. 
 
4.3.1 Governing equations and their numerical solutions  
This chapter reports the mathematical formulations of the general differential equations 
governing transport and transfer phenomena involving fluid flow in turbulent conditions. 
The differential balance equation of the generic scalar quantity Φ , that is the basis of next 
balance equations, has the following form:  
( ) ( )w J S
t Φ Φ
ρφ ρ φ ρ∂ + ∇ ⋅ = −∇ ⋅ +
∂
    (4.22) 
where φ  is the specific value of Φ  per unit mass. From left to right, the terms in this equation 
are: the transient term, the convective (advection) term, the diffusive term and the volumetric 
source term. 
This partial differential equation represents the transport of whatever extensive 
variable. However, when we face turbulent flows, we deal with fluctuating velocity fields that 
mix transported quantities such as momentum, energy, and species concentration, and make 
the transported quantities fluctuating as well. Since these fluctuations can be of small scale 
and high frequency, they are too computationally expensive to simulate directly (DNS) in 
practical engineering calculations; as an alternative, the local and instantaneous (exact) 
governing equations can be time-averaged to remove small scales, resulting in a modified set 
of equations that are computationally less expensive to solve.  
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This set of time-averaged equations are called RANS (Reynolds Averaged Navier-
Stokes equations). Nevertheless, these modified equations contain additional unknown 
variables (e.g., the Reynolds stress tensor) and turbulence models are needed to determine 
these variables in terms of known quantities. Among the wide set of turbulence models 
available (Spalart-Allmaras, k-ε, SST k-ω) [Veersteg and Malalasekera, 1995], in this work 
the Realizable k-ε model was chosen. 
 
RANS with Realizable k-ε model 
In Reynolds averaging, the solution variables in the instantaneous (exact) Navier-Stokes 
equations are decomposed into the mean (time-averaged) and fluctuating components.  
For the velocity components, it is 
iii www ′+=     (4.23) 
where iw  and iw′  are the mean and fluctuating velocity components (i = 1, 2, 3 ). Likewise, 
for pressure and other scalar quantities: 
φ φ φ′= +      (4.24) 
Substituting expressions having this form for all the flow variables into the instantaneous 
continuity, momentum and energy equations and taking a time average yields the RANS 
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    (4.29) 
where the model constants are: 
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and the turbulent viscosity is computed from eq. (4.32) where Cµ, differently by the standard 
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  (4.33) 
The meaning of the other terms is as follows: 
o Gk : generation of turbulence kinetic energy due to the mean velocity gradients; 
o Gb : generation of turbulence kinetic energy due to buoyancy; 
o YM : contribution of the fluctuating dilatation in compressible flow turbulence to the 
overall dissipation rate; 
o Sk and Sε: user-defined source terms for the turbulent kinetic energy and its 
dissipation.  
For variable-density flows, the equations (4.25) up to (4.29) can be interpreted as Favre-
averaged Navier-Stokes equations, with the velocities representing mass-averaged values.  
About the near-wall treatment a wall functions approach was used instead of a low-
Reynolds number model. So, the viscosity-affected region (viscous sublayer and buffer layer) 
is not resolved and semi-empirical formulas, the “wall functions", are used to bridge the 
viscosity-affected region between the wall and the fully-turbulent region. This choice was 
taken because wall functions give, in most cases, a reasonable accuracy allowing to save 
computational resources. 
 
Finite Volume Discretization 
Both FLUENT and STAR-CCM+, as many other available CFD codes, make use of the finite 
volume discretisation technique. In order to apply the finite volume discretisation method, the 
differential governing equations have to be reverted into their integral form and then 
discretized in space and time. In this aim, the solution domain is subdivided into a number of 
small volumes of appropriate size, corresponding to the cells of the computational grid, and 
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then the integral versions of the transport equations are applied to each control volume. 
Hereafter, the discretization approach (CD-Adapco, 2009) to the generic governing equation 
(4.22) is described for its individual terms, namely the transient term, the convective term, the 
diffusive term and the volumetric source term. 
 
o Transient term 
Two temporal discretization options are possible in the considered CFD codes: first-order and 
second-order. The First-Order temporal scheme, also referred to as “Euler Implicit”, 
discretizes the unsteady term using the solution at the current time level, n+1, as well as the 
one from the previous time level, n, as follows:  













   (4.34) 
The Second-Order temporal scheme, instead, discretizes the unsteady term using the solution 
at the current time level, n+1 , as well as those from the previous two time levels, n and n-1 , 
as follows: 














=   (4.35) 
 
o Convective term 
The convective term at a face is discretized as follows: 
[ ] ( ) ffff ΦmΦmAwΦρ && ==⋅     (4.36) 
where fΦ  and fm&  are the scalar values and mass flow rates at the face, respectively. The 
manner in which the scalar face value is computed from the cell values has a profound effect 
on the stability and accuracy of the numerical scheme. Some schemes commonly used are the  
First-Order Upwind, the Second-Order Upwind, the Central-Differencing scheme, the 
Bounded Central-Differencing scheme, the Blended Upwind/Central, the Hybrid Second-
Order Upwind/Central, etc.. 
 
o  Diffusive term 
In this case it is 
( )fΦ AΦΓAdJ ⋅∇→⋅−∫     (4.37) 
where Γ , Φ∇ and A  represent the face diffusivity, gradient and area vector, respectively. To 
obtain an accurate second-order expression for an interior face gradient (see Figure 4-8) that 
implicitly involves the cell values Φ0 and Φ1 , the following decomposition is used: 
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Figure 4-8. Picture of vectors in diffusive term calculation 
 
o Source term 
The source term is usually approximated by the product of the value of the integrand, SΦ, 






∫ =      (4.40) 
 
4.3.2 Adopted spatial discretization  
The symmetry with respect to the middle plane y-z has made possible to model only a half of 
the loop. This allowed to reduce the number of finite volumes created and, obviously, of 
saving computational time. For Fluent code a structured mesh was adopted: 28 non uniform 
cells were defined on the diameter and 20 cells are used on the outer circumference. Of the 
overall 230 volumes present in the cross section, 150 are used to mesh the fluid region 
(appearing colored in Figure 4-9) and 80 for the solid region (identified by the number 3 in 
the Figure 4-9). 
Detailed information about the mesh adopted in Fluent code is reported in Table 4-3, 
while a frontal view is given in Figure 4-10. 
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Table 4-3. Fluent mesh details 
Region Volumes 
1 10 x 5 
2 5 x 5 + 10 x 5 + 5 x 5 
3 4 x 20 
Axial mesh intervals : every 3 mm 
Axial mesh intervals in the bends: 10 
Overall volumes: about 1,000,000 
 
Figure 4-9. Details of cross-section mesh applied in Fluent 
 
 
Figure 4-10. Fluent frontal view of the bottom left bend of the loop 
 
4. Methodology of the analysis 
 59 
For STAR-CCM+ code, instead, the creation of the mesh was assigned automatically 
to the mesher of the code, after selecting appropriate models (polyhedral nodes in the core and 
prism layers at the wall) with a target size of 2 mm (see Figure 4-11). The result was a 
polyhedral mesh in the center of fluid region, 5 prism layers near the wall, and 3 layers to 
discretize the solid region (see Figure 4-12). 
 
 
Figure 4-11. STAR-CCM+ cross-section mesh of the fluid region 
 
Figure 4-12. STAR-CCM+ frontal view of the bottom left bend of the loop 
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4.3.3 Fluid properties 
After defining the loop geometry, the fluid properties of the supercritical fluid must be 
assigned; the main properties are specific heat, density, thermal conductivity and dynamic 
viscosity. In the simulations, it was assumed that the fluid pressure is constant (owing to its 
small variation along the loop), so that the fluid properties could be specified only as a 
function of temperature after selecting the operating pressure. 
In the case of the Fluent code, the most convenient way to assign the properties of CO2 
at a given pressure was in the form of a piece-wise linear approximation with 30 points, which 
is the maximum number allowed by the code. The value of the properties is therefore 
calculated as: 











+ )()(  (4.41) 
Particular attention has been paid in order to match the specific heat trend by a linear 
interpolation of the data calculated by the NIST package (NIST, 2002), since this is a property 
exhibiting very sharp changes (see Figure 4-13). Obviously, also the check of a good 
interpolation of the other fluid properties was made. 
The plots of properties presented below are related to CO2 at 8.6 MPa, in the 
temperature range: 282 – 473 K. This range is consistent with the minimum temperature of 







































Figure 4-13. Detail of piece-wise linear interpolation of cp around the pseudocritical temperature (311.05 K)  
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Figure 4-14. CO2 properties: cp, ρ, k, µ as function of temperature at 8.6 MPa 
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On the other hand, with the STAR-CCM+ code, the fluid properties were provided in 
the form of cubic splines [eq. (4.42)] generated with a purposely developed code written in 
FORTRAN 77. The cubic spline interpolation, adopting polynomials having the form 




ii K=≤≤+−+−+−= +)()()()(      (4.42) 
is certainly more accurate than the linear one and also ensures to preserve the continuity of 
first and second derivatives across the whole range of interpolation. Moreover, the 
unrestricted number of intervals through which the fluid properties can be assigned in STAR-
CCM+, has made possible to get a very close interpolation with a wider temperature range, 
220 – 600 K, than in the case of Fluent. 

























Figure 4-15. Detail of cubic splines interpolation of cp around the pseudocritical temperature (311.05 K) 
The properties of the solid wall material, AISI 347, were assigned with a piece-wise linear 
interpolation or with a quadratic fit. The data taken from Incropera (1996) are listed in Table 
4-4. 
Table 4-4. Thermal properties of AISI 347 material (Incropera, 1996) 
Temperature [K] Th. Cond. [W/(mK)] Specific Heat [J/(kgK)] Density [kg/m3] 
300.0 14.2 480 
400.0 15.8 513 
600.0 18.9 559 
800.0 21.9 585 
1000.0 24.7 606 
7978 
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4.3.4 Boundary conditions for HHHC configuration 
In this section, the boundary conditions applied in CFD simulations to describe the BARC 
facility are considered (see Figure 4-16). 
 
Figure 4-16. Schematic of boundary conditions applied to the BARC loop (colours obtained by temperature contour)  
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• Horizontal bottom heater section 
Heating was simulated by assigning a heat flux on the outer surface of the heater. In each run, 
the heating power was fixed at a value between 0 and 2000 W corresponding to a heat flux of 
0 and 24452.65 W/m2. 
• Horizontal top cooler section 
Typical convective boundary conditions were assigned: a secondary heat transfer coefficient 
chosen between 300 and 900 W/(m2K), depending on the operating conditions, and the sink 
temperature of 282.15 K (9 °C) were adopted. 
 
• Outer environment 
A constant environmental temperature equal to 303.15 K (30 °C) and a convective heat 
transfer coefficient with the environment varying between 0 and 7 W/(m2K) were assumed. 
 
Concerning the inner tube surface, different roughness values were tested in the range  
ε = 10-5, 2.5·10-5, 5·10-5 m. It is necessary to remember that, because the simulations were 
made for a halved loop, the mass flow rate obtained is obviously only half of the real flow rate 
and had to be multiplied by a factor two to be compared with experimental values. 
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4.4 In-house codes 
In this section, two additional in-house developed tools used to get the steady-state flow 
conditions are described; they are codes written in dimensional and dimensionless form 
respectively. The main usefulness of these in-house codes is to give results quickly, to be 
easily adapted to a wide variety of loops and to be applicable with the different SC fluids. 
 
4.4.1 Calculation of steady-state conditions in dimensional form 
Two codes operating in dimensional form were set up; the first is used for dealing with 
conditions of cooling with imposed heat flux at the cooler and the second one addresses the 
convective condition of imposed sink temperature and secondary HTC. 
 
• Cooling with imposed heat flux 
The code implemented to deal with this case is relatively simple; a brief description of it is 
reported hereafter. Adiabatic legs were assumed for the loop and equal heating and cooling 
powers were imposed; of course, it was necessary to specify the temperature of the fluid 
somewhere in the loop in order to obtain a fully specified problem. The most convenient 
choice was to assign the fluid temperature at the heater inlet. 
Another important assumption made in setting up the model was the choice of point 
heater and cooler, located in the middle of the horizontal branches of the loop, as shown in 
Figure 4-17. In this way, only two temperature levels are meaningful, one upstream the point 
heater, fixed by the user, and one downstream the point heater, to be calculated by the code. 
Searching for the steady-state conditions, from the energy equation and from the integration 
of the momentum equation over the whole loop it is obtained: 
 
constG =      (4.43) 
 


















































   (4.45) 
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Figure 4-17. Loop with punctual sources and flowchart of the numerical scheme adopted 
A system of two equations in the two unknowns: G and hhot is therefore obtained. The 
Swamee-Jain formula [eq. (4.46)] was used to calculate the turbulent friction factor and the 




























    (4.46) 
 
Finally, the resulting non-linear equation was solved with an iterative process, adopting the 
bisection method and reaching convergence (stopping criterion) only when the residual of the 
momentum balance became less of 1 Pa. By the way, being interested only to steady-state 
conditions, the heat structures were not modelled. 
 
• Imposed secondary temperature and cooler HTC  
As in the previous case, a loop without heat losses is assumed, but in this case the cooler was 
modelled with its real length and the conditions applied to the outer diameter of the cooler 
pipe are the secondary coolant temperature and HTC. The horizontal cooler, 1200 mm long, 
was discretized with 20 volumes. 
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Figure 4-18. Loop with punctual heater and real cooler, and flowchart of the numerical scheme adopted 
 
Figure 4-19. Picture of the cooler discretized 
In this case, in addition to the hot fluid temperature and the flow rate, also the cold leg 
fluid temperature is unknown and it was necessary to solve with an iterative scheme the 
equations related to the different unknowns: W, Thot and the 20 nodal temperature of the 


















































   (4.47) 
 
( )coldhotheater hhGAQ −=     (4.48) 
 
( ) ( ) ( ) 20  ,... 1,2,i  for     TTzΔIDπUhhW iiii1i =−=−+ sec   (4.49) 
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In the attempt to modify only slightly the structure of the previous code, an outer loop 
on cooling power was added, stopping the iterations when the power difference between the 
heater and the cooler became less than 0.1 W (see the flowchart in Figure 4-18). If this 
condition (|DifPow| < 0.1) was not satisfied, the scheme restarted the calculations after an 
appropriate updating of the guessed value for Tcold. 
 
4.4.2 Calculation of steady-state conditions in dimensionless form 
A first difference of this dimensionless code with respect to the dimensional one is that it 
really discretizes the whole loop through a user-defined number of nodes having equal size; in 
addition, it allows performing a linear stability analysis, so that dimensionless stability maps 
can be obtained. 
The dimensionless groups previously presented in section 4.1 are the basis to obtain 
the dimensionless balance equations which are implemented in the code. However, the one-
dimensional balance equations were obtained with the assumption of imposed cooling heat 
flux. As in the previously considered cases, since heating and cooling rates are imposed by 
specifying the heat flux, the temperature or, equivalently, the enthalpy of the fluid must be 
specified somewhere in the loop. The location chosen for assigning it is the origin of the 
curvilinear coordinate, s = 0, which is placed in an adiabatic section upstream the heater, so 
that the subscript 0 can be used to define the heater inlet conditions. 
Making use of the dimensionless numbers in Eqs. (4.1) to (4.3) into the one-
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( )**q sf  and ( )**g sf  represent heating and gravity distribution factors, which must be bound to 
the constraints: 
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q sfsf    (4.55) 
The first constraint comes from the need to assure that the loop is in balance from the 
point of view of energy flow in the steady-state conditions; the second one is also a necessary 
condition to assure that the loop is a closed one. Two additional constraints on ( )**q sf  and 
( )**g sf  are: 











q sfsf      (4.56) 
( ) 1≤**g sf      (4.57) 
The latter relationship represents the obvious physical requirement that the magnitude of the 
gravitational acceleration along the pipe axis be never greater than g.  
The boundary conditions imposed in steady-state conditions are: 
o a relationship specifying the value of fluid temperature in the origin of the system, 
in order to make fully specified the thermal problem; it is: 
SPC0 N0hh −== )(**     (4.58) 
o a relationships translating the equality of the inlet and outlet flow rates at the 
section s* = 0, thus imposing to the system the character of a closed loop, and 
specifying the steady flow coherently with the assumption that w*(0) = 1: 
( ) ( ) ( ) ( ) ( )******* 00 hρ0whρ0G0G === −+    (4.59) 
o a relationships translating the equality of the inlet and outlet pressures at the 
section s* = 0 
)()( ** −+ = 0p0p     (4.60) 
these two pressures are also equated to a fixed value, e.g., 0, since the assumption 
of incompressible flow implied by the equation of state  
( )*** hρρ =      (4.61) 
makes the pressure level to be immaterial.  
 
The loop discretization and the heating and gravity distribution factors for the BARC 
facility in the HHHC configuration are presented hereafter (Figure 4-20 and Figure 4-21). The 
number of nodes used to discretize the loop was 284, which means roughly 50 mm long 
volumes (Lloop = 14220 mm); it can be noted that since the cooler is 1200 mm long, while the 
heater is 1220 mm, the cooling distribution factor is greater of 1 and equal to Lheater/Lcooler. 





































































Figure 4-21. Heating-cooling and gravity distribution factors 
For establishing the steady-state conditions, once that the values of NTPC and NSPC  
(= - h0*) are given, the code proceeds as follows: 
1. the dimensionless enthalpy distribution along the loop is calculated solving the 


























q sf  (4.63) 
2. the dimensionless density is calculated for each node from the equation of state  
( )*** hρρ =      (4.64) 
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  (4.65) 
4. the dimensionless pressure distribution is obtained from the momentum eq. (4.51). 
As a result, plots of the distribution of the relevant variables along the loops are 

















































Figure 4-22. Dimensionless enthalpy and density distribution along the loop  
 
Linear stability analysis 
A linear stability analysis is performed by the dimensionless code in similarity to what 
previously made for single channel stability. 
The numerically discretised equations solved in transient analysis are represented in 
compact form as a vector relationship between the nodal values of the variables at two 
subsequent time levels, yn and yn+1: 
0( 1nn =+ ),, pyyF     (4.66) 
where p is a vector of physical and numerical grid parameters. These equations are linearised 
by perturbation around the steady-state condition obtaining the following linear relationship 
between perturbation vectors: 
nnss1ss1n δδδ n1n )()()()()( yAyJJy yy ⋅=⋅⋅−= −+ +   (4.67) 
where the Js are Jacobian matrices of the non linear discretized equations. 
The matrix A is relevant for discussing the linear stability of the system: the criterion 
for detecting the asymptotic instability of the system is: 
1λ >= max)(Aρ     (4.68) 
where ρ(Α) is the spectral radius of matrix A and λmax is its eigenvalue of maximum 
magnitude, which is conveniently written as 
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These definitions are helpful in measuring the degree of damping (zR < 0) or 
amplification (zR > 0) of small perturbations, as well as the frequency of the fastest growing 
(or less damped) perturbation, given by 
π2
z
f Ifast =      (4.71) 
It is therefore justified to study stability by identifying in the plane similar to the Ishii-Zuber 
(see Figure 4-23) one the regions in which zR is positive or negative (see e.g., Ambrosini and 
Ferreri, 2000). 
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5. Steady state analysis in the HHHC configuration 
In this section, the analysis performed for steady-state conditions for the open loop case as 
well as the closed loop one. The results were obtained using the five tools described in the 
previous chapter: 
1. the in-house steady state code in dimensional form with punctual source; 
2. the in-house dimensionless code ; 
3. the system code RELAP5/MOD3.3(SCIENTECH Inc., 1999); 
4. the CFD codes: Fluent (Fluent Inc., 2006) and STAR-CCM+ (CD-Adapco, 2009) 
5.1 Water in the open loop case with imposed cooling flux 
The BARC facility (see the paragraph 3.1.1) is here considered as an open loop, with imposed 
cooling heat flux. Considering the loop as an open one means that the cold leg temperature, 
i.e. the heater inlet one, is imposed by assigning the thermodynamic state in the inlet volume, 
while the loop pressure is defined by an exit reservoir. The outline of the loop in these 
conditions is described in Figure 5-1. 
 
Figure 5-1. Schematic of the open loop condition with imposed cooling flux  
 
Tcold fixed Thot 
q’’heating 
q’’cooling 
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The effects of tube roughness, heater inlet temperature and operating pressure on flow 
rate are investigated in the following. In this aim, the in-house steady code was used and its 
reliability in terms of results was confirmed by comparison with those of the commercial code 
RELAP5/MOD3.3, as a completely independent tool.  
The flow-power curve (Figure 5-2), firstly increasing and then decreasing, can be 
explained on the basis of a simple reasoning. In fact, before reaching the maximum, the mass 
flow rate increases with power as the enhanced driving head is counterbalanced by friction 
losses only at increasing flow rates; on the other hand, beyond the maximum, the mass flow 
decreases with power because the rise in hot leg velocity strongly increases friction losses. 
As shown in Figure 5-2, the increasing tube roughness and the local losses shift the 
whole flow rate curve downwards (due to greater friction losses at the same flow rate) and 
move slightly to the left the flow peak. In particular, as reported in Table 5-1, the maximum 
flow rate is reached at a lower power, occurs because the hot fluid passes the pseudocritical 
temperature, condition close to that of maximum flow, with lower power because of the lower 
flow rate. 
As it will be seen later on, the power levels involved in the open loop case (tens of 
kW) are much greater than those in closed loop conditions. Indeed, in the open loop 
simulations, the cold leg temperature is set constant and well below the pseudocritical value 
whatever is the power added to the loop, then a lot of power is needed to make the hot leg 
reach the pseudocritical temperature threshold. 
Table 5-1. Data on the condition of max flow rate 
P [MPa] TPC[°C] Tube W max [kg/s] T hot (W max) [°C] Power (W max) [kW] 
Smooth 0.124 388.42 80 
25 384.9 























Steady-State Code, smooth tube
Steady-State Code, rough tube
RELAP, smooth tube
RELAP, rough tube
ε = 10-5 m, Khot = 1, Kcold = 1 
ε = 10-10 m, Khot = 0, Kcold = 0 
Tcold = 360 °C 
 
Figure 5-2. Steady-state SC water (P=25 MPa) flow rate with smooth tube and rough tube 
 



























Steady-State Code, smooth tube
Steady-State Code, rough tube
RELAP, smooth tube
RELAP, rough tube
Tpc = 384.9  °C
ε = 10-5 m, Khot = 1, Kcold = 1 
ε = 10-10 m, Khot = 0, Kcold = 0 
Tcold = 360 °C 
 
Figure 5-3. Supercritical water heater outlet temperature as function of the heating power 
As shown in Figure 5-2, the steady-state code and Relap5 match very well, especially 
for rough tubes. In Figure 5-3, the effect of the specific heat trend on the fluid heater outlet 
temperature is observed: the temperature trend becomes flat when the supercritical water 
approaches the pseudocritical temperature because of the sharp rise in specific heat; beyond 
the pseudocritical point, the specific heat falls again to more usual values and the outlet heater 
temperature increases remarkably. A good agreement between the codes is also obtained 
varying the operating pressures (see Figure 5-4) and the fluid heater inlet temperature (see 
Figure 5-5). It can be observed from Figure 5-5 that the flow rate with the heater inlet 
temperature equal to 390 °C is considerably lower than that with cold leg temperature of 360 
°C. This happens because 390 °C is beyond the pseudocritical temperature and then, for an 
equal flow rate, the cold leg friction losses are greater while the fluid density range (and so 





















Steady-State Code, P=25 MPa
Steady-State Code, P=30 MPa
RELAP, P = 25 MPa
RELAP, P = 30 MPa
ε
 = 10-10 m, Khot = 0, Kcold = 0 Tcold = 360 °C 
 
Figure 5-4. Steady-state flow rate at 25 MPa and 30 MPa 
 






















Steady-State Code, Tcold = 360 °C
Steady-State Code, Tcold = 390 °C
RELAP - Tcold = 360 °C
RELAP - Tcold = 390 °C
ε = 10-10 m, Khot = 0, Kcold = 0 P = 25 MPa 
 
Figure 5-5. Steady-state flow rate with different heater inlet temperature 
It can be therefore concluded that the comparison between steady-state results and 
those obtained by Relap exhibits an excellent agreement both in terms of flow rate and 
temperatures. 
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5.2 Dimensionless code results: comparison between 
different supercritical fluids 
In this section, a steady-state analysis through the in-house dimensionless code is performed 
always considering the loop configuration of Figure 5-1, i.e. the HHHC-open loop case with 
imposed cooling heat flux, with the operating conditions reported in Table 5-2. The 
dimensionless results obtained, which are independent at large extent from the type of fluid, 
are then compared with those of the steady state code (already tested by Relap) for different 
supercritical fluids: H2O, CO2, NH3 and R23. 
Table 5-2. Operating conditions for the simulations with different SC fluids 
Fluid Pressure [MPa] TPC[°C] Tcold[°C] NSPC Average Λ  
H20 25 384.9 374.5 0.52 7.7 
NH3 15 149.4 135 0.52 7.7 
CO2 9 40 30 0.52 7 
R23 5.7 33.2 25.6 0.52 6.6 
 
In Figure 5-6, plots Fr-NTPC with these supercritical fluids show the good agreement 






















Steady-State Code, H2O - NSPC = 0.52
Dimensionless Code, NSPC = 0.5, lambda = 7.7






















Steady-State Code, NH3 - NSPC = 0.52
Dimensionless Code, NSPC = 0.5, lambda = 7.7
Dimensionless Code, NSPC = 0.7, lambda = 7.7






















Steady-State Code, CO2 - NSPC = 0.52
Dimensionless Code, NSPC = 0.5, lambda = 7























Steady-State Code, R23 - NSPC = 0.52
Dimensionless Code, NSPC = 0.5, lambda = 6.6
Dimensionless Code, NSPC = 0.7, lambda = 6.6
    
Figure 5-6. Steady-state code dimensionless code results ones with H20, CO2, NH3 and R23 
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5.2.1 Considerations about the similarity among different fluids 
A very similar behaviour of natural circulation data obtained for water and ammonia emerges 
in Figure 5-7, while the behaviour of R23 and CO2 departs a bit more from the conditions 
evaluated fro water. On the basis of this observation, hereafter it is tried to provide a brief 
explanation of this similarity making also reference to the corresponding states theory. 
According to the theory of corresponding states, all substances (pure or mixtures) are 
expected to have the same pressure-volume-temperature equation of state when the variables 
P, v, and T are normalized (reduced conditions have the subscript “r”) with respect to the 
critical-point values PC, vC and TC. This means that  
),( rrrr TνPP =     (5.1) 
where the reduced variables are defined as the current values divided by the ones at the 
critical point. Instead of using a reduced-pressure surface of the eq. (5..1), it has become 
customary to work with the dimensionless compressibility factor Z, which measures the 
deviation from ideal gas behaviour, defined as 
RT
νP
Z =            (5.2) 
In classical textbooks (Reid et al., 1987; Bejan, 1988) mainly, two methods are used to 
determine the compressibility factor: 
a) two-parameter correlations (being TC and PC the two parameters) as the generalized 
Nelson-Obert Compressibility Charts, which are not to be used for strongly polar fluids 
(water, ammonia); 
),( rr PTZZ =      (5.3) 
b) three-parameter correlations which use, in addition, a third molecular parameter, ZC or ω, 
in the corresponding states expression:  







Z C=      (5.5) 
and 
01Pω r10 .)(log −−=    in the saturation-pressure curve at 70Tr .=   (5.6) 
ZC, represents the critical compressibility factor while ω, instead, being the acentric factor 
(Pitzer, 1955), is an indicator of the nonsphericity of a molecule force field.  
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Basing on these two parameters, water and ammonia are found to have a relatively 
similar molecular constitution (see Table 5-3) being closer in the ZC-ω plane than to the other 
fluids as shown in Figure 5-8. 
Table 5-3. Critical Compressibility Factors and Pitzer Acentric Factors extracted by Reid et al. (1987) 
Fluid TC [K] PC [bar] VC [cm3/mole] ZC ω 
H2O 647.3 221.2 57.1 0.235 0.344 
NH3 405.5 113.5 72.5 0.244 0.250 
CO2 304.1 73.8 93.9 0.274 0.239 






















Steady-State Code, H2O - NSPC = 0.52
Steady-State Code, NH3 - NSPC = 0.52
Steady-State Code, CO2 - NSPC = 0.52
Steady-State Code, R23 - NSPC = 0.52
ε = 10-10 m, Khot = 0, Kcold = 0 
 




















Figure 5-8. Position of water, ammonia, carbon dioxide and R23 in the plane ZC-ω 
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5.2.2. Effects of subcooling and friction 
In this section the effects of subcooling number NSPC and friction factor Λ  on the Froude 
number, NTPC and dimensionless enthalpy, are investigated. 
For instance, by increasing only the subcooling number, an interesting result is 
obtained: the curve of Fr vs. NTPC is shifted towards the right (see Figure 5-10), but the 
maximum value of Froude remains almost constant. The implication that the maximum 
Froude number is almost independent on the subcooling level means, that also the maximum 
velocity in the cold leg is about the same for different NSPC (Table 5-4), remembering that  
w0 = (Fr·g·Lloop)0.5, 
Table 5-4. Results in the point of maximum Froude number 
NSPC NTPC (Fr max) Fr max w0 max [m/s] 
0.1 1 1.43E-2 1.408 
1 1.2 1.45E-2 1.420 
2 1.9 1.47E-2 1.431 
 
As shown in Figure 5-9, the maximum Froude number occurs for higher NTPC values 
increasing NSPC, while the corresponding dimensionless hot leg fluid enthalpy reduces (see 
Figure 5-10), moving towards the pseudocritical value (h*hot = 0). 
Even if the maximum Froude number is about the same for an equal friction factor 
Λ in the range of NSPC between 0.1 and 2, it must be considered that in dimensional form flow 
rate has a different trend. In fact, in the following eq. (5.7), also the cold fluid density appears, 
and higher flow rates will occur with higher subcooling numbers, as it can be observed in 
Figure 5-11. 






















Dimensionless code - Nspc = 0.1
Dimensionless code - Nspc =1
Dimensionless code - Nspc = 2
Kk = 0 , Λ = 7 
 
Figure 5-9. Fr-NTPC characteristics for different NSPC 
 























Dimensionless code - Nspc = 0.1
Dimensionless code - Nspc =1
Dimensionless code - Nspc = 2
Kk = 0 , Λ = 7 
 

























Steady-State Code, CO2 - NSPC = 0.1
Steady-State Code, CO2 - NSPC = 1
Steady-State Code, CO2 - NSPC = 2
ε
 = 10-10 m, Khot = 0, Kcold = 0 
 
Figure 5-11. Mass flow rate vs. NTPC for CO2 and different NSPC 
 
The variation of the friction term Λ, instead, has a simple and quite predictable effect: 
increasing Λ shifts the curve of  Fr vs. NTPC downwards; indeed, it can be noted that in eq.  









































   (5.8) 
It is worth to notice that the dimensionless density distribution along the loop remains 
the same for whatever Λ values (see Figure 5-13), because [see section 4.4.2 eq. (4.63)] the 
dimensionless enthalpy distribution (see Figure 5-13) is function only of NSPC, NTPC and 
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( )**q sf . It means that without local losses (Kk = 0), doubling Λ the Froude number is exactly 






















Dimensionless code - Nspc = 1, lambda = 7
Dimensionless code - Nspc = 1, lambda =14
Kk = 0 
 




















































NSPC = 1  ; NTPC = 1.2
 
Figure 5-13. Dimensionless enthalpy and density distribution along the loop for Λ = 7 and Λ = 14 
In the previous section, the agreement between the steady state code and the 
dimensionless one is shown to be good for NSPC = 0.52. It happens instead that, as shown in 
Figure 5-14, for NSPC ≥ 1, the dimensionless code reproduces less accurately the trend 
predicted by the steady state code with CO2. 
The reasons of these differences could be due to: 
1. the friction term Λ, which is slightly different in the two cases; 
2. the dimensionless equation of state ( )* *hρ  that is only approximate for CO2 in the 
liquid-like region. 
 The checks performed to identify the reason for this deviation revealed that the main 
cause can be ascribed to the high variability of the friction term Λ. Indeed, if for low NSPC the 
variation of Λ is small, with higher NSPC it becomes remarkable (see Table 5-5); therefore, the 
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dimensionless code which uses a constant Λ does not succeed in reproduce the fluid trend in 
the whole NTPC range assuming a single value of Λ. An improvement of the theory could be 






















Steady-State Code, CO2 - NSPC = 0.1
Steady-State Code, CO2 - NSPC = 1
Steady-State Code, CO2 - NSPC = 2
Dimensionless code - Nspc = 0.1, lambda=7
Dimensionless code - Nspc =1, lambda=7
Dimensionless code - Nspc = 2, lambda=7
ε = 10-10 m, Khot = 0, Kcold = 0 
 
Figure 5-14. Comparison of Fr-NTPC characteristics obtained by in-house codes increasing NSPC 
Table 5-5. Variability of Λ by increasing NSPC with ε = 10-10 m 
NSPC Λhot max Λhot min Λhot max – Λhot min 
0.1 8.29 6.71 1.58 
1 10.11 6.16 3.95 
2 13.04 5.97 7.07 
 
As a proof of this explanation, the Fr vs. NTPC curves have been calculated by the 
steady-state code for a rough tube (ε = 5·10-5 m), in order to obtain a friction factor f, and then 
a friction term Λ (see Table 5-6), almost independent on the Reynolds numbers, that are in the 
order of 3·105. From Figure 5-15, it appears clear that, reducing the Λ variability, the 










Table 5-6. Variability of Λ by increasing NSPC with ε = 5·10-5 m 
NSPC Λhot max Λhot min Λhot max - Λhot min 
1 15.31 14.28 1.02 
2 16.86 14.26 2.61 
 
The other hypothesis, i.e. that the deviation observed in the results could be due to 
discrepancies in the dimensionless equation of state in the liquid-like region, was also 
investigated and was shown to be less important. However, it can be said that, since the 
dimensionless equation of state (eos) used by the program is obtained mainly for water, the 
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code reproduces very well the water trend in the liquid-like region and a little bit less the 






















Steady-State Code, CO2 - NSPC = 1
Steady-State Code, CO2 - NSPC = 2
Dimensionless code - Nspc = 1, lambda=14.5
Dimensionless code - Nspc =2, lambda=14.9
ε = 5·10-5 m, Khot = 0, Kcold = 0 
 






















Steady-State Code, H2O - NSPC = 2
Steady-State Code, CO2 - NSPC = 2
Dimensionless code - Nspc = 2, lambda=8.4
ε = 10-10 m, Khot = 0, Kcold = 0 
 
Figure 5-16. Agreement of in-house codes in the subcooling region 
5. Steady state analysis in the HHHC configuration 
 87 
5.3 Closed loop with carbon dioxide and actual cooling 
conditions 
5.3.1 Basic calculation cases 
Referring to the CO2 supercritical natural circulation loop (SPNCL) experiments performed at 
the BARC and described in section 3.1, the results of steady state simulations are presented 
hereafter. The considered experimental conditions are listed in Table 5-7, together with the 
related simulation parameters.  
The most important operating conditions considered in the simulations are the pressure 
of the loop and the secondary heat transfer coefficient assumed at the cooler. In our case, a 
pressure of 8.6 MPa was chosen, as specified from experiments, while the secondary heat 
transfer coefficient was estimated equal to 850 W/(m2K), though the indicative value 
calculated with Dittus-Boelter formula (see Appendix A) was lower (567 W/(m2K)). This 
greater value tried to account for thermal and fluid-dynamic entry length effects and was 
selected after discussion with experimentalists. 
The heat transfer coefficient with the environment was set equal to 2 W/(m2K) 
because it takes into account also the thermal resistance of the loop insulation with the three 
inches of ceramic mat (see Appendix A). 
A tube roughness equal to 2.5·10-5 m was chosen basing on the typical roughness of 
stainless steel tubes. 
Table 5-7. Experimental and simulation CO2 data  
 Experimental data Simulation conditions 
Power [W] Flow [kg/s] P [MPa] Chilled water flow/inlet temperature [lpm,°C] 
203.7 0.0282 8.57 37.0 9.2 
387.9 0.0384 8.57 37.0 8.8 
590.5 0.0439 8.60 37.0 9.0 
702.9 0.0528 8.63 34.8 9.3 
785.3 0.0539 8.63 37.0 8.7 
977.5 0.0537 8.57 37.0 8.8 
1103.0 0.0518 8.66 35.5 8.9 
1184.0 0.0564 8.73 37.0 8.9 
1406.2 0.0514 8.57 35.5 9.0 
1497.7 0.0430 8.61 33.7 9.3 
1593.7 0.0448 8.68 36.0 9.0 
1798.0 0.0394 8.57 34.8 9.0 
1916.1 0.0327 8.60 34.2 9.5 
2000.5 0.0360 8.63 33.5 9.1 
2077.1 0.0301 8.60 35.4 9.5 
2197.7 0.0310 8.60 34.7 9.0 
2287.0 0.0303 8.54 33.0 9.2 
Pressure = 8.6 MPa 
HTCsec = 850 W/(m2K) 
HTCenv = 2 W/(m2K) 
Tsec = 9 °C 
Tenv = 30 °C 
Tube roughness = 2.5·10-5 m 
 
 
In Figure 5-17, the flow vs. power curves obtained by the CFD codes are reported: 
Fluent predictions match the experimental results fairly well, while STAR-CCM+ provide a 
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slightly different behaviour, giving an idea of the consequences of the slight differences in the 
adopted models. However, both the CFD codes predict a sharp flow rate decrease which is not 
found in the experimental data. This behaviour can be explained with the strong degradation 
in heat transfer at the cooler evaluated by the codes when the temperature crosses the pseudo-






























Tube roughness = 2.5·10-5 m    
HTCsec = 850 W/(m2K) ; Tsec = 282.15 K ;
HTCenv = 2 W/(m2K)    ; Tenv = 303.15 K     
 
Figure 5-17. Flow rate predicted by Fluent and STAR-CCM+ codes 
In Figure 5-18 the heater inlet and outlet temperatures are reported as calculated by 
Fluent. It can be observed that the flow collapse occurs when the heater inlet temperature 
passes the pseudocritical one. As consequence, the temperature difference across the heater 
increases sharply as well as the slope of the temperature curves. 
Since the loop is insulated and the mean temperatures of the supercritical CO2 are not 
so far from the environmental temperature level, the heat losses fraction calculated is less than 
5%. However, it must be considered that “heat losses” become “heat sources” at low power 
when the heater outlet temperature is below the environmental temperature (see Figure 5-19 
and Table 5-8). For this reason, the codes predict flow circulation even when the heater is 
switched off, as observed in the experiments, being the environment the thermal source in the 
loop. 
 











































Tube roughness = 2.5·10-5 m    
HTCsec = 850 W/(m2K) ; Tsec = 282.15 K ;
HTCenv = 2 W/(m2K)    ; Tenv = 303.15 K     
Tpc = 37.9 °C (8.6MPa)
Fluent 6.3.26
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Tpc = 37.9 °C (8.6 MPa)
Tube roughness = 2.5·10-5 m    
HTCsec = 850 W/(m2K) ; Tsec = 282.15 K ;
HTCenv = 2 W/(m2K)    ; Tenv = 303.15 K     




Figure 5-19. Plot of heating and cooling powers versus heater inlet temperature calculated by Fluent 
From the first red row of Table 5-8, it can be observed that the flow rate is still high 
(57 g/s) at 1400 W, i.e. when the heater outlet temperature is greater than the pseudocritical 
temperature, whereas the inlet one is less than the pseudocritical temperature. This means that 
the transition of the cold leg temperature beyond the pseudocritical threshold is the main 
reason for flow rate decrease. 
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Table 5-8. Summary of CO2 Fluent results 














[kg/m3] %Q. Loss 
0.013 0 -30 10.7 10.6 903.1 903.4 H. Gain 
0.035 250 -268 19.4 16.8 842.1 860.9 H. Gain 
0.046 499 -509 25.5 22.1 783.8 818.0 H. Gain 
0.053 749 -751 30.6 27.0 719.0 766.8 H. Gain 
0.058 1000 -994 34.4 31.4 642.8 707.6 0.6% 
0.061 1250 -1240 37.0 35.1 537.5 622.8 0.8% 
0.057 1400 -1385 38.7 37.2 434.0 525.4 1.1% 
0.040 1500 -1471 51.4 42.4 249.8 324.9 2.0% 
0.031 1750 -1686 84.9 54.8 171.3 234.5 3.7% 
0.027 1998 -1905 113.4 65.6 146.0 203.3 4.7% 
 
In Figure 5-20, temperature and density contour plots of the loop at 1400 W obtained 
by FLUENT are presented. From the density distribution, it is clear that the supercritical CO2 
flows in clockwise direction. In Figure 5-21 and Figure 5-22, the thermal stratification along 
the heater and the cooler obtained in these conditions (about 2 °C) is shown, while in Figure 
5-23 temperature and velocity magnitude contour plots in the left bottom bend are shown. 
As it can be seen in Figure 5-24, the uncertainty in the measurements due to the 
thermal stratification concerns only the outlet cross-sections of the heater and cooler, because 
in the inlet section the fluid temperature is expectedly uniform. 
 
    
Figure 5-20. Temperature and density contour plots of the SC CO2 in the loop at 1400 W as calculated by Fluent 
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Figure 5-21. Detail of CO2 temperature in the heater section at 1400 W 
 
Figure 5-22. Detail of CO2 temperature in the cooler section at 1400 W 
 
       
Figure 5-23. Temperature and velocity magnitude of the left bottom bend for CO2 at 1400 W 
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Figure 5-24. Temperatures at the cooler outlet and heater inlet thermocouples sections for CO2 at 1400 W 
 
Figure 5-25. Temperature and density at the heater outlet thermocouples section (T15 – T16) for CO2 at 1400 W 
It can be seen in Figure 5-25 that, as the fluid temperature is close to the pseudocritical 
threshold (Tpc = 37.9 °C), where the sharp decrease of density is observed, the small 
temperature difference (38.47 - 39 °C) corresponds to a remarkable density variation:  
415 – 444 kg/m3. 
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Figure 5-26. Effective viscosity and thermal conductivity at the heater outlet thermocouples section at 1400 W 
In Figure 5-26, the similarity between the effective viscosity and the effective thermal 
conductivity distributions is clearly shown, while in Figure 5-27, the contour plots of k and ε 
are presented. 
 
            
Figure 5-27. Turbulent kinetic energy and turbulent dissipation rate at the heater outlet thermocouples section at 
1400 W 
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5.3.2 Sensitivity analyses  
In this section, a sensitivity analysis is carried out in order to understand the effects of 
different simulation parameters on the obtained results. The reference values adopted in the 
basic calculation cases were: 
o secondary HTC = 850 W/(m2K); 
o secondary temperature = 9 °C; 
o environment HTC =  2 W/(m2K); 
o environmental temperature = 30°C; 
o tube roughness= 2.5·10-5 m; 
o pressure = 8.6 MPa 
Sensitivity analyses involved the changes in operating parameters listed in Table 5-9: 
Table 5-9. Values used in the sensitivity analysis 
HTCsec [W/(m2K)] 750 1000 
Tsec [°C] 5 15 
HTCenv [W/(m2K)] 0 7 
Tube roughness [m] 1·10-5 5·10-5 
Pressure [MPa] 8.5 
 
In Figure 5-28, the effect of the secondary heat transfer coefficient can be observed. It 
can be noted that if HTCsec increases, the cooler outlet temperature is closer to the secondary 
coolant temperature and, as a consequence, it reaches the pseudocritical threshold at a greater 
power, causing a progressively delayed decrease in flow rate. Similar considerations apply to 
the effect of the secondary coolant temperature, shown in Figure 5-29: lower values of this 
parameter lead to a greater power needed to reach the pseudo-critical temperature and then 


























Tube roughness = 2.5·10-5 m    
Tsec = 282.15 K ;
HTCenv = 2 W/(m2K); Tenv = 303.15 K     
Fluent 6.3.26
 
Figure 5-28. Flow rate versus power with different secondary HTC 
 
























Tsec = 278.15 K
Tsec = 283.15 K
Tsec = 288.15 K
Tube roughness = 2.5·10-5 m    
HTCsec = 850 W/(m2K) ;
HTCenv = 2 W/(m2K); Tenv = 303.15 K     
Fluent 6.3.26
 
Figure 5-29. Flow rate versus power with different secondary coolant temperature 
In Figure 5-30, it can be seen that the flow rate with the adiabatic loop is practically 
the same as in the reference case, and that increasing the environmental HTC to 7 W(m2K) 
results in a smoother decrease of flow rate after reaching the pseudo-critical temperature. This 
effect can be explained considering that a higher heat transfer coefficient to the environment 
provides a more efficient and extended cooling of the system also at the onset of heat transfer 
deterioration (see Table 5-10). 
In Figure 5-31, the effects of a different tube roughness can be also observed. As 
expected, using a rougher tube reduces the flow rate; though a strange trend is detected 
beyond the peak: the flow decrease with increasing power is smoother and the flow values are 
a little bit higher than for a smoother tube. 
Finally, it can be noted from Figure 5-32 that the effect of a small difference in 
operating pressure (from 8.6 to 8.5 MPa), considered to assess the impact of uncertainties in 
boundary conditions, are negligible in the buoyancy dominated region, while some 
differences arise in the friction dominated region, as already observed for the open loop 
configuration (see Figure 5-4). 
Table 5-10. Effect of different values of HTCenv at similar power conditions 

















HTCenv = 2 W/(m2K) 
0.040 1498 -1471 324.6 315.5 249.8 324.9 28 
HTCenv = 7 W/(m2K) 
0.051 1498 -1440 314.5 311.8 343.2 433.8 58 
 

























HTCenv = 2 W/(m2K)
HTCenv = 7 W/(m2K)
Tube roughness = 2.5*10-5 m    
HTCsec = 850 W/(m2K) ;Tsec = 282.15 K;  
Tenv = 303.15 K     
Fluent 6.3.26
 























Roughness = 1*E-5 m
Roughness = 2.5*E-5 m
Roughness = 5*E-5 m
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Pressure = 8.5 MPa
Pressure = 8.6 MPa
HTCsec = 850 W/(m2K) ; Tsec = 282.15 K ;
HTCenv = 2 W/(m2K)    ; Tenv = 303.15 K     
Tube roughness = 2.5*10-5 m    
Fluent 6.3.26
 
Figure 5-32. Flow rate versus power at different pressure 
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5.4 Closed loop with water and actual cooling conditions 
Referring to the H2O supercritical natural circulation experiments described in the section 3.3, 
the results of steady-state simulations are presented hereafter. With respect to the steady-state 
analyses performed for CO2, in the analysis with H2O it was possible to use also 
RELAP5/MOD3.3 in addition to CFD and the in-house codes. The experimental boundary 
conditions and the simulation parameters are summarized in Table 5-11. 
Also in this case, the most important choices to be made in simulation refer to the loop 
pressure and the heat transfer coefficient assumed for the secondary side of the cooler. A 
value of 23 MPa (intermediate among the different experimental conditions) was selected for 
the pressure, while the secondary heat transfer coefficient was estimated equal to 335 
W/(m2K), as calculated with Dittus-Boelter formula for an air flow (see Appendix A). 
Table 5-11. Experimental and simulation H2O data 
 Experimental conditions Simulation conditions 
Power [kW] Pressure [MPa] Air flow [lpm] Taverage-air [°C] Tsec [°C] 
1 22.6 52.5 52.5 
1.5 22.7 53.8 53.8 
2 22.8 55.6 55.6 
2.5 22.8 57.6 57.6 
3 22.9 59.3 59.3 
3.5 23.1 60.7 60.7 
4 23.2 61.25 61.25 
5 23.6 64.9 64.9 
6 24.3 67.7 67.7 




Pressure = 23 MPa 
HTCsec = 335 W/(m2K) 
HTCenv = 2 W/(m2K) 
Tenv = 30 °C 
Tube roughness = 2.5·10-5 m 
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The obtained trends of flow rate vs. power are shown in Figure 5-33. The overall trend 
is similar as in an open loop case in the region dominated by buoyancy forces, in which the 
flow rate increases with power, but it is completely different in the friction dominated region, 
i.e. after the reaching of the maximum. Indeed, there is a sharp decrease in the flow rate, that 
cannot be observed in the open loop configuration with imposed heat flux; as also observed in 
the experimental data heat transfer deterioration is much stronger in this case. As it will be 
clear later on, the absence of such sharp flow decrease in open loop cases is mainly due to the 
cold leg temperature, set usually below the pseudocritical one. 








































Figure 5-33. Prediction of flow rate by the CFD codes 
In Figure 5-33, it can be observed that both CFD codes succeed in predicting 
qualitatively the trend of flow rate. The main differences between code predictions and 
experimental results consist in the lower flow rate values and in a flow decrease predicted 
with some delay by the CFD codes, occurring at about 7.8 kW. 
The first difference (even considering the uncertainty in the experimental data) could 
be due to a too large value of the tube roughness used in the simulations, whereas, the delayed 
flow decrease critically depends on the secondary heat transfer coefficient adopted, with a 
lower value anticipating the power at which the sharp decrease is observed. 
A physical explanation of the flow rate decrease due to heat transfer deterioration and 
transition to gas-like fluid can be provided as follows. Increasing the power, the cold leg 
temperature rises, but when it exceeds the pseudocritical temperature, both legs of the loop 
are found in trans-pseudocritical conditions. In this state, the range of fluid density reduces 
considerably, giving rise to lower buoyancy forces, the pressure drop in the cold leg increases 
and the internal heat transfer coefficient in the cooler decreases. These effects, in turn, affect 
in a synergic way the flow rate and the fluid temperature: the flow rate decreases, while the 
temperatures raise sharply.  
On the contrary, in the open loop configuration where the cold leg temperature is 
assigned, buoyancy forces are always increasing, the specific heat range includes always the 
peak (which “protects” somehow the fluid from reaching high temperatures), the cold leg 
pressure drop increases only if the flow rate does and the internal heat transfer coefficient in 
the cooler undergoes a lower deterioration. 
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A schematic representation of the feedback involved in the phenomenon occurring in 
the closed loop case is depicted in Figure 5-34.  
 
Figure 5-34. Flowchart of the effects leading to the flow rate downfall 
The data summarizing Fluent simulations in Table 5-12 (in red the trans-pseudocritical 
points) provide an overview of the characteristics of the flow decrease phenomenon beyond 
the pseudocritical temperature. If we focus on the point at 7842 W (red row in bold), we can 
notice that: 
 both the loop legs are beyond the pseudocritical conditions; 
 the flow rate is relatively low; 
 the average temperature difference across the heater is relatively large (457.9 °C – 
396.3 °C). 
In this regard, the following remarks apply for conditions beyond the pseudocritical one. 
1. Even if the flow rate is in the range of 0.020 kg/s, as in the case of a power equal to 1 
kW, the density difference between the cold leg and the hot one is significantly higher 
at 7842 W (48 kg/m3 versus 8 kg/m3). This proves the obvious intuition that, at equal 
flow rate the friction forces are larger with “light” fluids. 
2. Though the cooling power slightly decreases from 7274 W to 7246 W, nevertheless 
the mean fluid temperature along the cooler (between 458 – 396 °C) is significantly 
higher. This effect is due to heat transfer deterioration which occurs when the 
supercritical water temperature exceeds the pseudocritical point and the fluid starts to 
behave like a gas. 
3. Until a power value of 7792 W, the percentage of heat losses decreases because the 
cooling power increases more than proportionally to the heating power; beyond 7792 
W, when both legs are trans-pseudocritical, because of heat transfer deterioration (see 
Figure 5-35) the opposite effect occurs. 




Increasing Power  
HTCsec, Tsec 
HTCenv, Tenv 
 The specific heat peak “protects” from high 
temperatures 




o Lower Buoyancy forces  
o Larger cold leg pressure drop 
o Lower Cp range 




Lower Flow rate , Larger Temperatures  
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Table 5-12. Summary of H2O Fluent results 

















0.020 999 -894 105.6 93.5 964.7 972.9 10.5% 
0.024 1498 -1361 128.9 114.2 947.1 958.3 9.2% 
0.028 1998 -1827 151.8 135.2 927.3 941.6 8.5% 
0.032 2497 -2294 174.3 156.3 905.6 923.4 8.1% 
0.035 2997 -2761 196.9 177.3 882.3 902.6 7.9% 
0.038 3496 -3228 218.6 197.9 857.8 881.4 7.7% 
0.041 3996 -3697 239.1 217.7 831.7 859.0 7.5% 
0.046 4995 -4633 281.6 259.5 769.9 805.7 7.2% 
0.051 5994 -5571 321.4 300.3 692.4 739.1 7.1% 
0.054 6993 -6512 357.9 340.5 584.6 645.6 6.9% 
0.055 7492 -6991 372.6 362.1 487.6 563.0 6.7% 
0.057 7792 -7274 376.5 371.5 407.9 499.0 6.6% 
0.020 7842 -7246 457.9 396.3 93.0 141.1 7.6% 
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Tpc = 377.45 °C (23MPa)
Fluent 6.3.26
 
Figure 5-35. Plot of heating and cooling powers versus heater inlet temperature as calculated by Fluent 
The comparison between the experimental temperatures and those predicted by Fluent 
and STAR-CCM+ are shown respectively in Figure 5-36 and Figure 5-37. As it can be seen, 
the agreement with the experimental results is good in the whole range, especially considering 
that the experimental data are obtained not at the same pressure of the simulations (23 MPa).  
The sharp increase of heater inlet temperatures beyond the pseudocritical temperature 
is due, as previously said, to the lacking of specific heat peak “protection”, whereas the 
increase of temperature across the heater depends also by the reduced flow rate.  
























Tpc = 377.45 °C (23MPa)
Fluent 6.3.26
 























Tpc = 377.45 °C (23MPa)
STAR-CCM+
 
Figure 5-37. Heater inlet and outlet temperatures as calculated by STAR-CCM+ 
Figure 5-38 and Figure 5-39 show the remarkable influence of the secondary heat 
transfer coefficient on flow rate and temperatures near the pseudocritical region. For instance, 
with a HTC equal to 340 W/(m2K) instead of 335 W/(m2K) at a power of 7842 W, the loop is 
more linked to the secondary cooling temperature and then the temperatures in the legs are 
below the pseudocritical one while the flow rate is still high. On the other hand, with a HTC 
of 335 W/(m2K), the legs temperatures are much beyond the pseudocritical one and thus, the 
flow rate is already sharply decreased. 
 























HTCsec = 335 W/(m2K)
HTCsec = 340 W/(m2K)
Fluent 6.3.26
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Figure 5-39. Sensitivity of temperature to the secondary heat transfer coefficient as calculated by Fluent 
The following temperature contour plots are taken from the simulation at 8017 W in 
which both legs are beyond the pseudocritical point. In particular, in Figure 5-40 it can 
noticed the remarkable thermal stratification at the heater outlet, much larger than with 
supercritical CO2, which is only partially mitigated by the mixing occurring upstream the 
location of the thermocouples, which are 425 mm far from the heater outlet, as shown in 
Figure 5-41. 
The reason why in Figure 5-40 the bottom part near the wall is colored in yellow and 
green, identifying a fluid hotter than the internal fluid, it is obviously related to the presence 
of a very warm wall. To clarify this aspect, two temperature contour plots are further reported, 
one at the heater outlet cross-section and one 230 mm far from it; in the latter the usual 
thermal stratification appears (see Figure 5-42). 
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As shown in Figure 5-43, the high wall temperatures reached in this case (around 660 
°C) with the H2O posed the threat of melting the heater walls. This is the reason why no 
experiment at higher power was actually performed.  
 
 
Figure 5-40. Temperature contour plot at the heater outlet as computed by Fluent at 8017 W 
 
Figure 5-41. Temperatures in the horizontal heater outlet thermocouple section as computed by Fluent at 8017 W 
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Figure 5-42. Temperature contour plots respectively at the heater outlet and at 230 mm far from it at 8017 W 
 
Figure 5-43. Temperature contour plot of a cross-section of the heater wall as computed by Fluent at 8017 W 
As it was seen in chapter 3, the average temperature, obtained by the two 
thermocouples measurements (T15 and T16 located at distance of r/2 from the inside wall), is 
used to compute the heater outlet enthalpy, being employed in the energy balance across the 
heater to calculate the flow rate. The results obtained by the CFD codes show that this 
methodology, applied to calculate the fluid bulk temperature, can be considered reliable. 
In fact, just before the pseudocritical point (at a power of 7792 W), the high specific 
heat values limit the temperature range in the cross-section and then the average temperature 
obtained by the two thermocouples T15 and T16 (376.60 °C and 376.34 °C, see Figure 5-44), 
i.e. 376.47 °C, results in close agreement with the bulk temperature calculated by the CFD 
code (376.46 °C).  
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Figure 5-44. Temperature and specific heat at the thermocouple location computed by Fluent at 7792 W 
On the other hand, well beyond the pseudocritical point (with power equal to 8017 
W), since the temperature range is much larger (see Figure 5-45), the average temperature 
differs from the bulk one even by 1°C (537.6 °C instead of 536.7 °C); however, in that region 
the specific heat is sufficiently low that the enthalpy deviation becomes negligible (less of 0.1 
%). 
 
     
Figure 5-45. Temperature and enthalpy in the thermocouple computed by Fluent at 8017 W 
 
From the above, it can be concluded that adopting this methodology to measure the 
flow rate does not introduce significant errors beyond the instrumentation uncertainty. 
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A sensitivity analysis on the effect of tube roughness was performed using Relap5 and 
the in-house code. As expected, decreasing the tube roughness from 2.5·10-5 to 2.5·10-10
 
m, 
the flow rate curve (see Figure 5-46 and Figure 5-47) as a function of power moves upwards 
better approaching to the experimental one. Since the in-house code treats the loop as 
adiabatic, the flow decrease is observed to occur at lower powers. On the other hand, the 
Relap5 code fails to calculate the flow rate at powers beyond 7 kW, probably because of 

































Rough tube: ε = 2.5E-5 m
 


































Figure 5-47. Steady state flow rate for a smooth tube 
The reason of this could be attributed to the pressure value chosen, 23 MPa that is very 
close to the critical pressure of water, 22.064 MPa; this may lead some properties to diverge. 
In Figure 5-48, it can be seen that, even if the calculation fails, the flow rate is predicted to 
decrease. In order to prove that the failure is actually a consequence of numerical problems in 
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Relap5 at that pressure, a simulation at 25 MPa was run with similar boundary conditions, 
easily obtaining flow rate results at powers larger of 7 kW. As shown in Figure 5-49, also 
Relap5 simulations predict a sharp decrease in the flow rate near 8 kW of heating power, 











































P = 23 MPa
 

















































P = 25 MPa
 
Figure 5-49. Relap5 transient calculation near to 8 kW of power showing the flow rate decrease (25 MPa) 
 





























Tpc = 384.88 °C (25MPa)
P = 25 MPa
 
Figure 5-50. Temporal evolution of the temperatures predicted by Relap5  
In Table 5-13 where the Relap5 results are summarized, it can be seen (red rows) the 
heat transfer deterioration in the cooler due to the transition of the whole loop to gas-like 
conditions. Moreover, it can be observed that the flow rate value is still high at 8 kW, when 
the hot leg is already trans-pseudocritical, whereas it decreases sharply at 8.17 kW when in 
the cold leg the pseudocritical temperature is exceeded. In Table 5-13, the large difference in 
the specific heats can be observed: at 23 MPa (pressure closer to the critical one) it is much 
larger than 25 MPa. 
Table 5-13. Summary of Relap5 results 
P = 23 MPa Tpc = 377.45 °C Cp,pc = 285230 [J/(kgK)]  
Flow rate [kg/s] Power [W] Cooling power [W] Tout heater [°C] Tin heater [°C] %Q. Loss 
0.019 1003 -886 114.8 102.3 11.7% 
0.023 1500 -1354 137.0 121.7 9.7% 
0.027 2000 -1824 157.6 139.9 8.8% 
0.030 2499 -2266 176.0 156.4 9.3% 
0.033 3000 -2756 199.4 178.2 8.1% 
0.035 3500 -3224 221.2 198.7 7.9% 
0.038 4001 -3694 242.0 218.5 7.7% 
0.042 5005 -4626 284.7 260.3 7.6% 
0.046 6000 -5563 325.4 302.0 7.3% 
0.049 6500 -6035 345.7 324.4 7.2% 
0.051 7000 -6507 362.0 344.5 7.0% 
P = 25 MPa Tpc = 384.9 °C Cp,pc = 76444 [J/(kgK)]  
Flow rate [kg/s] Power [W] Cooling power [W] Tout heater [°C] Tin heater [°C] %Q. Loss 
0.053 7800 -7251 382.1 374.8 7.0% 
0.048 8000 -7463 385.1 382.2 6.7% 
0.013 8170 -7240 643.1 461.2 11.4% 
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In the Figure 5-51, the methodology applied to calculate the steady-state points with 
Relap5 is showed. At each power level, a transient calculation is run and the steady state 
conditions are those observed after a time period of 4000 s estimated to be enough to stabilise 
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6. Transient analyses in the HHHC configuration 
In this chapter, the results of the transient analyses performed in relation to the BARC facility 
are presented. Transient simulations were run for both water and carbon dioxide as working 
fluids. The results obtained by the different codes were compared with each other and also 
with the available experimental results. 
The tools used to perform the transient analysis were: 
1. the in-house dimensionless code adopted for setting up stability maps; 
2. the RELAP5/MOD3.3 system code (SCIENTECH Inc., 1999); 
3. the CFD code Fluent (Fluent Inc., 2006). 
6.1 Water in open loop and closed loop cases with imposed 
cooling flux condition 
Before entering into the details of the transient simulations, it is worth to remember that in the 
closed loop condition, differently from the open loop one (Figure 6-1), the heater inlet 
temperature is no longer fixed, but it is let free to be subjected to possible oscillations. It will 
be seen later on that this boundary condition has a great influence on the stability threshold of 
supercritical fluids in natural circulation loops. 
 
   
Figure 6-1. Schematic of the open loop and closed loop condition with imposed cooling flux 
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6.1.1 Transient simulations in open loop  
Performing the dimensionless linear stability analysis of the open loop case the stability map 
of Figure 6-2 is obtained. For the limitations of the adopted tool, the linear stability analysis is 
performed without considering the heat structures. 
Remembering that the stability region is identified by zR < 0, it can be seen that in the 
open loop condition a relatively large stable region is present. Referring to the steady-state 
dimensionless results obtained in the previous chapter (Figure 5.6) it can be observed in 
Figure 6-2 that of the points at NSPC = 0.52 (see the blue dots in Figure 6-2), the two ones 
characterized by NTPC equal to 0.01 and 0.6 are in the stable region, while those with  
NTPC = 1.2; 1.8; 2.4; 3 are in the unstable one. 
 









Relap5 - Instability threshold
 
Figure 6-2. Stability map for the open loop case with cooling heat flux imposed (Λ = 7.7 ; K = 0) 
To check the reliability of the dimensionless stability map, some transient calculations 
with water at 25 MPa were also performed with RELAP5 and their results were found in 
reasonable agreement with those of the dimensionless code (see Figure 6-2). In front of these 
results obtained for the open loop conditions it must be however pointed out that no instability 
was detected by RELAP maintaining the actual volumetric heat capacity of the structures (see 
Figure 6-3), and that, only after that the heat structures were deleted oscillatory phenomena 
could be detected by the code (the heater and cooler walls were kept in order to assign the 
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boundary conditions, but decreasing their heat capacity from the order of 106 J/(m3K) to 103 
J/(m3K) ). The results obtained by RELAP in the case “without structures” with a heater inlet 













































Tcold = 360 °C (NSPC = 0.76)
H2O - P = 25 MPa
 
Figure 6-3. Flow rate and power evolution obtained by RELAP5  































Tcold = 360 °C (NSPC = 0.76)
H2O - P = 25 MPa
 
Figure 6-4. Temporal trend of the mass flow rate obtained by RELAP5 “without structures” 




















Tcold = 360 °C (NSPC = 0.76)






















Tcold = 360 °C (NSPC = 0.76)
H2O - P = 25 MPa
 
Figure 6-5. NTPC and powers trend obtained by RELAP5 “without structures” 
 
After choosing water at 25 MPa as fluid, it is possible to turn the dimensionless 
stability map (zR contour plot in the plane NSPC-NTPC) into a dimensional one in the plane 
Power-Heater Inlet Temperature (Figure 6-8). This requires to evaluate the trend of the 
Froude number as a function of NTPC and of the other parameters, in order to evaluate the 
flow rate and then the power for a given pseudo-subcooling at the value of NTPC evaluated at 
the threshold of instability.  
Differently from the map of Sharma et al. (2010a) shown in Figure 6-9, in this 
dimensional map no upper bound was identified, i.e. increasing power does not lead to any 
sign of reaching stable conditions. However, it can be observed that a heater inlet temperature 
beyond the pseudocritical one makes more difficult the occurrence of unstable phenomena, in 
agreement with the conclusions reached by Sharma et al. (2010a). 
Searching for a possible upper bound of the instability region with the same 
methodology applied for the lower threshold was not possible because of failure of the 
calculation; so, instead of reducing the volumetric heat capacity of the heater and cooler walls 
down to 103 J/(m3K), it was necessary to keep it equal to 105 J/(m3K). However, also in these 
conditions, at 175 kW (NTPC close to 3.6), the natural circulation in the loop appeared unstable 
(Figure 6-6 and Figure 6-7). 

































Tcold = 360 °C (NSPC = 0.76)
H2O - P = 25 MPa
Power = 175 kW
 



























Tcold = 360 °C (NSPC = 0.76)
H2O - P = 25 MPa
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Relap - Stability threshold









Tpc = 384.9 °C
 
Figure 6-8. Dimensional stability map obtained from the dimensionless one (Λ = 7.7 ; K = 0)  
compared with the stability thresholds obtained by RELAP5 
6. Transient analyses in the HHHC configuration 
 116 
 
Figure 6-9. Stability map of Sharma et al. (2010a) for the open loop case 
 
6.1.2 Transient simulations in closed loop conditions 
The stability map obtained in the closed loop conditions for imposed cooling flux and without 
passive structures (Figure 6-10) shows that there is no stable region within the addressed 
range of operating conditions. The conclusion that the closed loop without structures and with 
imposed cooling flux is always unstable was confirmed by RELAP5 and Fluent for three 
powers: 1 kW, 8 kW and 50 kW. The methodology applied with RELAP5 was the following: 
1. the steady-state conditions were reached by maintaining the heat structures (Figure 
6-11); 
2. restart calculations were performed after deleting the loop heat structures (except for 
the heater and cooler walls, that were maintained to assign the heat flux conditions); 
3. introduction of a small perturbation (see Figure 6-13) in the heating power. 
The methodology used with Fluent was similar: 
1. the steady-state conditions were reached through the steady algorithm; 
2. the transient calculation was then started with all the walls having density one order of 
magnitude lower than in the real case (797.8 kg/m3 instead of 7978 kg/m3).  
 
6. Transient analyses in the HHHC configuration 
 117 




















Relap and Fluent - Unstable points
 
Figure 6-10. Stability map for the closed loop case with cooling heat flux imposed (Λ = 8.4 ; K = 2) 
For all the simulations shown hereafter, the initial heater inlet temperature (information 
needed to characterize the level of temperature in the loop) and the operating pressure were  
















































RELAP5/MOD3.3 H2O - P = 25 MPa
 
Figure 6-11. RELAP5 transient simulation “with heat structures” performed to achieve steady-state conditions 
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• Transient results at 1 kW “without heat structures” 
Observing the Figure 6-12, it can be seen that the conditions at a power of 1 kW with 



























RELAP5/MOD3.3 H2O - P = 25 MPa
























Fluent 6.3.26 H2O - P = 25 MPa
Initial Heater Inlet Temp. ≈ 360 °C
 




















H2O - P = 25 MPa
Initial Heater Inlet Temp. ≈ 360 °C
 
Figure 6-13. Oscillating heating and cooling powers obtained by RELAP5 at 1 kW  
after a perturbation (case “without structures”) 
 
• Transient results at 50 kW “without heat structures” 
In similarity with the case at 1 kW, also at 50 kW the transient simulations returned an 
unstable behaviour (see Figure 6-14). In Figure 6-15 the heater and cooler outlet temperature 
oscillations are almost out of phase, because the period of oscillations (about 8 s) is close to 
the loop circulation time (about 9.3 s). 


















































Fluent 6.3.26 H2O - P = 25 MPa
 























H2O - P = 25 MPa
 
Figure 6-15. Temperature oscillations obtained by Fluent at a power of 50 kW 
 
 
• Transient results at 1 kW and 50 kW “with heat structures” 
Taking into account the actual thermal structures, no oscillatory behaviour was found 
with RELAP as well as with Fluent (see Figure 6-16 and Figure 6-17). In particular, in Fluent 
results (see Figure 6-18), the initial oscillations are due to restarting the simulation from a 
calculation case with oscillations. Moreover, in Figure 6-19 the trend of flow rate obtained in 
a calculation performed initially without structures and then suddenly including them is 
reported; the observed damping of the previously amplified oscillations clearly shows that the 
passive structures play a considerable role in stabilizing natural circulation. 









































RELAP5/MOD3.3Power perturbation H2O - P = 25 MPa



























Fluent 6.3.26 H2O - P = 25 MPa
 



































































Fluent 6.3.26 H2O - P = 25 MPa
 

























H2O - P = 25 MPa
 
























Pass to the actual 
density structures 
(ρ = 7978 kg/m3)
Structures with reduced density 
(ρ = 797.8 kg/m3)
H2O - P = 25 MPa
 
Figure 6-19. Flow rate trend at 50 kW in the transient calculations performed  
passing from structures with reduced density to the actual ones 
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6.2 Carbon dioxide in the closed loop case with actual 
cooling condition 
The analyses performed up to now had the purpose to show the effect of the different 
contributors to the observed stability behaviour, as predicted by available models. In this 
section, the transient behaviour of the BARC facility (SPNCL CO2) is analyzed and the CFD 
predictions are compared with the available experimental results (described in detail in 
chapter 3) as well as with NOLSTA predictions (Sharma et al., 2010c) considering conditions 
closer to the actual ones. 
However, also in this case simulations “without structures” will be presented, 
performed with the CFD code making use of a reduced value of wall density (in the order of 
1/10 of the actual value). 
 
6.2.1 Start-up simulations 
Referring to the experimental conditions of Figure 6-20, the starting conditions for the 
calculations was a situation of “rest”, simulated with no heat flux along the heater walls; 
nevertheless, a small amount of power was added by the environment to the fluid and 
therefore rejected to the cooler secondary side. The heater switching on was simulated with a 
stepwise increase of the heat flux (see Figure 6-22).  
In Figure 6-20 and Figure 6-21 the trend of the pressure drop across the heater in the 
experiment and the code calculation are reported. In Figure 6-22 it can be observed the 
obvious similarity of the flow rate trend with the pressure drop along the heater. 
 
Figure 6-20. Experimental start-up from rest at 700 W (IAEA, Annual Progress Report 2010) 












































Fluent 6.3.26CO2 - P = 8.6 MPa
HTCsec = 213 W/(m2K);
Tsec = 282.15 K ;
HTCenv = 2 W/(m2K); 
Tenv = 303.15 K     
 










































Fluent 6.3.26CO2 - P = 8.6 MPa
HTCsec = 213 W/(m2K);
Tsec = 282.15 K ;
HTCenv = 2 W/(m2K); 
Tenv = 303.15 K     
 
Figure 6-22. Flow rates and powers of the start-up simulation at 700 W “without structures” 
As it can be noted, oscillations are observed in both cases, though the nature of 
calculated phenomena appears different from observations.  
On the other hand, considering the actual density of the walls (7978 kg/m3), the start 
up simulation does not predict any oscillatory behaviour (see Figure 6-23). The apparently 
strange trend of flow rate, firstly increasing and later on decreasing, is due to the transition of 
the cold leg fluid beyond the pseudocritical temperature (see Figure 6-24.) 
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Fluent 6.3.26 CO2 - P = 8.6 MPa
HTCsec = 213 W/(m2K);
Tsec = 282.15 K ;
HTCenv = 2 W/(m2K); 
Tenv = 303.15 K     
 






























Fluent 6.3.26CO2 - P = 8.6 MPa
HTCsec = 213 W/(m2K);
Tsec = 282.15 K ;
HTCenv = 2 W/(m2K); 
Tenv = 303.15 K     
TPC = 37.9 °C
 
Figure 6-24. Temperatures for the start-up simulation at 750 W “with structures” 
 
6.2.2 Simulation with power increase and reduced density walls 
Hereafter, the results of the transient CFD simulations run in the attempt to reproduce the 
experimental results obtained after power changes (see 3.2.3 b), and shown in Figure 6-25 and 
Figure 6-26, are presented. 
Even in this case, walls with reduced density (797.8 kg/m3 instead of 7978 kg/m3) 
were considered; the flow rate trends calculated by Fluent are shown in Figure 6-27 and 
Figure 6-28, exhibiting again an unstable behaviour. 





































9.1 Mpa, 500 W
Secondary cooling water flow of 10.1 LPM, inlet temperature of 9.8 oC
 






































9.1 Mpa, 800 W
Secondary cooling water flow of 15 LPM, inlet temperature of 9.8 oC
 











































Fluent 6.3.26 CO2 - P = 9.0 MPa
HTCsec = 300 W/(m2K);
Tsec = 282.95 K ;
HTCenv = 2 W/(m2K); 




Figure 6-27. Flow rate in the case of power decrease from 700 to 500 W (walls with reduced density) 
 














































Fluent 6.3.26 CO2 - P = 9.0 MPa
HTCsec = 500 W/(m2K);
Tsec = 282.95 K ;
HTCenv = 2 W/(m2K); 












































Fluent 6.3.26CO2 - P = 9.0 MPaHTCsec = 500 W/(m2K);
Tsec = 282.95 K ;
HTCenv = 2 W/(m2K); 




Figure 6-29. Detail of flow rate oscillations at 600 W (walls with reduced density) 
 
Unlike in the experimental results, in the Fluent simulation with power increase from 
600 to 800 W the loop is found already unstable at 600 W (see Figure 6-29), showing flow 
reversal phenomena at 800 W.  
In order to get a clearer picture of the causes of the observed stable and unstable 
behaviour, as predicted by the Fluent code with reduced wall heat capacity, also considering 
the effect of different cooling efficiencies in the cooler secondary side, a systematic procedure 
was adopted consisting in the following steps: 
• the steady state flow rate vs. power curves at three values of the secondary side heat 
transfer coefficients (HTC = 295, 643 and 1000 W/(m2K)) were drawn; setting up the 
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curves required several steady-state calculations whose results were fitted by smooth 
curves (see the solid lines in Figure 6-31); 
• transient calculations were then run for different operating conditions (see the markers 
in Figure 6-31), reporting the observed stable or unstable behaviour. 
 
For purpose of illustration of the usefulness of the obtained results, the operating 
points at 600 and 800 W (red markers) and those at 700 and 500 W (blue markers) were 
located in the corresponding steady-state flow rate vs. power curves (red and blue curves in 
Figure 6-30). It can be observed that at 800 W as well as at 500 W, the hot and cold leg are 
close to the pseudocritical point. 
From this and the other simulations, whose results are reported in Figure 6-31, it can 
be concluded that the instabilities detected by Fluent with reduced walls density are more 
probable close to the pseudocritical threshold, with a preference for the liquid-like region with 
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P = 9 MPa, Tsec = 282.95 K, 
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Figure 6-30. Steady-state flow rate vs. power curves as computed by Fluent (walls with reduced density) 
corresponding to the operating conditions of the experimental tests.  
The markers indicate transient calculations, reporting the nature of the observed behaviour (stable or unstable) 
 























HTC = 295 W/(m2K)
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HTC = 1000 W/(m2K)
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Stable(HTC=1000)
 
Figure 6-31. Steady-state flow rate vs. power curve as computed by Fluent (walls with reduced density) at different 
values of the HTC to the secondary side. The markers indicate transient calculations,  
reporting the nature of the observed behaviour (stable or unstable) 
 
In Figure 6-32 and Figure 6-33, the stability predictions obtained by the NOLSTA 
code (Sharma et al., 2010c) are compared with those obtained by Fluent. As it can be seen, the 
two codes agree for the behaviour observed at 800 W and 2100 W, while they are in 
disagreement at 600 W and 1400 W.  
On the other hand, the transient Fluent simulations run with the actual density of the 
walls have provided always a stable behaviour, as shown in Figure 6-34, confirming the 
strong stabilizing effect of passive structures. 
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Fluent 6.3.26CO2 - P = 9.0 MPa
HTCsec = 295 W/(m2K);
Tsec = 282.95 K ;
adiabatic loop    
Structures with the actual density 
(ρ = 7978 kg/m3)
Structures with reduced density 
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7. Conclusions 
In the following, the main conclusions obtained in the present work are summarised in 
relation to its main phases. 
 
Literature survey 
Previous works on natural circulation with supercritical fluids are scarce, especially from the 
experimental point of view. In this respect, the experimental data by BARC represent a very 
valuable contribution to the understanding of the involved phenomena. 
The analysis of previous theoretical works showed that both the “open loop” and the 
“closed loop” conditions were addressed in order to highlight effects related to the boundary 
conditions on steady-state and stability. The studies of the “open loop” conditions with 
imposed cooling flux by different Authors show some degree of disagreement in the 
prediction of the location of instabilities in the operating regions, pointing out the need for a 
investigating in greater detail the involved phenomena. 
By the way, Sharma et al. (2010a) investigating the loops of Chatoorgoon et al. 
(2005a) and Jain and Corradini (2006) obtained coherent stability maps in the plane of heater 
power vs. heater inlet temperature, showing an upper bounded unstable zone. Moreover, 
according to these maps, beyond a certain temperature there will be always stable operating 
points. This detail was confirmed also by the results obtained in the present work. 
 
Steady-state analyses 
In all the performed analyses, the addressed geometry was the one of the SC CO2 loop of 
BARC. The steady-state results for the "open loop" condition with imposed cooling flux 
obtained by RELAP5 and by both the in-house codes (the dimensional and the dimensionless 
one) were found in good agreement. Considering also fluids other than water, in a fluid-to-
fluid comparison perspective, a very similar behaviour emerged between steady-state results 
for water and ammonia; this effect was explained by basic theoretical considerations referring 
to the similarities existing between the observed behaviour of these fluids. The effects of 
different sub-pseudocritical numbers, NSPC, and of the dimensionless friction factor, Λ, were 
also investigated. 
Regarding the actual operating conditions with supercritical CO2, a reasonable 
agreement was found between the CFD codes predictions, the experimental data and the 
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BARC predictions by the NOLSTA code. The key role of an accurate evaluation of the 
secondary heat transfer coefficient was pointed by running several sensitivity analyses. The 
effects of other simulation parameters, as secondary coolant temperature, heat transfer 
coefficient to environment, tube roughness and operating pressure were also highlighted. 
Concerning the steady-state experimental data obtained by BARC with supercritical 
water, the observed sharp decrease of flow rate occurring when the temperature in the loop 
reaches the pseudocritical value was confirmed by all the codes. This phenomenon, more 
mildly observed in the case of CO2 experiments, was explained to be a consequence of the 
transition of the fluid to the “gas-like” phase; in fact, this transition causes degradation of the 
overall heat transfer conductance to the secondary coolant, lighter fluid density and larger 
pressure drops along the loop.  
 
Transient analyses 
The investigation of stability revealed a largely different behaviour of the “open loop” 
condition and the “closed loop” one with imposed cooling flux. In fact, in the “open loop” 
condition, the linear stability analyses performed by the dimensionless in-house code and the 
transient simulations run by RELAP5 “without passive structures” showed the presence of a 
stable region; stability maps in the heater power vs. heater inlet temperature plane were 
obtained showing a limited range of stability conditions. On the contrary, in “closed loop” 
case, no stable region was found neglecting the presence of passive structures. This was also 
confirmed by CFD code calculations made by decreasing the heat capacity of the structures 
by a factor 10. 
The agreement of the CFD predictions with the experimental data is considered 
unsatisfactory in relation to stability effects; in fact, among the several transient analyses 
performed to reproduce the experimental data, no one succeeded to predict instability. As 
mentioned, unstable behaviour could be detected only by decreasing by a factor 10 the wall 
density. The unstable operating points resulting by this methodology are found in a relatively 
large region around the one involving the pseudocritical temperature in the loop. As a 
consequence of this effect, the role of heat structures on stability was also largely discussed 
performing several simulations.  
 
Future developments 
Natural circulation with supercritical fluids shares many aspects with the well-known single 
and two-phase flow phenomena, since buoyancy and friction forces may be in the same order 
of magnitude, depending on the operating conditions; more in depth studies than were 
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possible in the present work are required to get a full understanding of the phenomena 
occurring at supercritical pressures. 
The present work, that benefited of the kind cooperation of BARC, was aimed at 
analysing the interesting experimental data obtained by the SPNCL facility by very different 
codes. It is hoped that its conclusions, though they should be considered preliminary for the 
several interesting problems raised, will be helpful for further research on this subject. 
Among the different issues requiring a deeper investigation, the following can be 
mentioned: 
o reliable closure laws are needed for supercritical flows, capable of predicting accurately 
heat transfer enhancement and deterioration as well as the friction effects on stability 
phenomena; 
o the interactions between flow and heat transfer regimes must be thoroughly understood; in 
fact, the occurrence of heat transfer deterioration affects also the hydraulic impedance of 
the flow duct, with effects on both stability and natural circulation; 
o the role of heat structures on the stability predictions must be carefully considered, also 
addressing the effects related to their numerical discretisation. 
Suggestions for future work are as follows: 
o the secondary side flow duct should be directly modelled, in order to avoid the uncertainty 
involved in imposing different secondary heat transfer coefficients, that in this work gave 
rise to some difficulties; 
o a transient 1-D code also considering the heat structures should be developed to better 
investigate the effects of the passive pipe walls; 
o the heat structure nodalization should be refined, in the aim to assess the effect of 
discretisation in transient analyses; 
o the adoption of low-Reynolds number models, instead of the “wall functions” treatment 
used in this work, should be tried in order to more accurately study the near-wall 
phenomena, even if it is expected that the computational effort will remarkably increase. 
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Appendix A: Heat transfer coefficients calculation 
Secondary cooling heat transfer coefficient with chilled water 
Thermodynamic and transport properties of the chilled water used as secondary fluid in 
BARC experimental apparatus are computed by means of “Water97_v13.xla”, an Add-In for 
MS Excel which provides a set of functions for calculating thermodynamic and transport 
properties of water and steam using the industrial standard IAPWS-IF97.  
“Water97_v13.xla” provides functions, like densW(T; P) and cpW(T; P), to calculate 
the properties in the single-phase state for temperatures 273.15 K < T < 1073.15 K and 
pressures 0 < p < 1000 bar. 
Hereafter, the excel sheet (Table A-1) used to determine the secondary cooling heat 
transfer coefficient through the Dittus-Boelter formula is showed. The case presented is that 
with 34 lpm of chilled water at 9 °C.  
Table A-1. Excel sheet for the secondary heat transfer coefficient with chilled water 
SECONDARY COOLANT CONDITIONS: 
Volumetric Flow Rate [LPM] Pressure [bar] Temperature [°C] Temp. [K] Density [kg/m 3] 
34 2 9 282.15 999.8 
Mass Flow Rate [kg/s] w [m/s] µ [Pa*s] cp [J/(kgK)] k [W/(mK)] 
0.57 0.13 0.00134 4196.67 0.58 
     
COOLER GEOMETRIC DATA: 
      
OD [mm] ID [mm] Lcooler [m] Across [m2] = π(OD^2 - ID^2)/4 
77.9 21.34 1.2 0.00441   
Acooling [m2] = Across * Lcool  
    
0.005290 
        
     
HTCsec, Dittus-Boelter Correlation: Nu = 0.023 * Re0.8 * Pr0.4 
 
Re = ρwD/µ Pr = µcp/k Nu    
5408 9.76 55.44    
HTC = Nu * k/D [W/(m2K)] 
    
566.8 
       
 
Equivalent heat transfer coefficient with the environment 
Since the loop that was modeled through the CFD codes was thought without insulation; 
being aware of an insulating layer made some corrections necessary.  
To take into account of three inches of ceramic mat (0.06 W/(mK)) insulating the loop, 
we adopted the similarity with the electric resistances (see Figure A-1) turning the real case 
into an equivalent one usable in the CFD simulations. 
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The thermal resistance for unit of length of the insulation and the external convective one 


















  (A-1) 
Their sum was, then, imposed equal to the equivalent external resistance to get the equivalent 










   (A-2) 
Data and results are listed in Table A-2. 
Table A-2. Geometric data and resistance values 
ODAISI [m] 21.34·10-3 
Dins [m] 173.7·10-3 
kins [W/(mK)] 0.06 
R’insulation [mK/W] 5.54 
R’conv,env [mK/W] 0.26 
R’eq,env [mK/W] 5.80 
HTCeq,env [mK/W] 2.5 
 
 


















R’conv,env R’insulation R’eq,env Tow,AISI Tow,insulation Tenv Tenv Tow,AISI 
REAL SITUATION SIMULATION CASE 
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Secondary cooling heat transfer coefficient with cooling air 
Thermodynamic and transport properties of the cooling air are computed using the 
NIST package (NIST, 2002).  
In the following, the excel sheet (Table A-3) used to determine the secondary cooling 
heat transfer coefficient through the Dittus-Boelter formula is showed. The case presented is 
that with 24500 lpm of air at 52 °C.  
 
Table A-3. Excel sheet for the secondary heat transfer coefficient with cooling air 
SECONDARY COOLANT CONDITIONS: 
Volumetric Flow Rate [LPM] Pressure [bar] Temperature [°C] Temp. [K] Density [kg/m 3] 
24500 1.6 52 325.15 1.7141 
Mass Flow Rate [kg/s] w [m/s] µ [Pa*s] cp [J/(kgK)] k [W/(mK)] 
0.70 92.6 1.98E-05 1008.6 0.027944 
     
COOLER GEOMETRIC DATA: 
      
OD [mm] ID [mm] Lcooler [m] Across [m2] = π(OD^2 - ID^2)/4 
77.9 21.34 1.2 0.00441   
Acooling [m2] = Across * Lcool  
    
0.005290 
        
     
HTCsec, Dittus-Boelter Correlation: Nu = 0.023 * Re0.8 * Pr0.4 
 
Re = ρwD/µ Pr = µcp/k Nu    
453854 0.7141 674.18    
HTC = Nu * k/D [W/(m2K)] 
    
333.1 
       
 
 
 
